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Hold at 1020° 
for 10 seconds! 


From dark red to dazzling white, the 
colour of a heated material gives a 
rough and ready indication of its heat. 
Electro-heat is never rough but it 
is always ready—ready to bring the 
workpiece to an exact temperature for 
an exact period of time. And all the 
heat goes into the job, not into the 
surrounding atmosphere—which is one 
of the reasons why electro-heat is so 
economical for precise heat treatment. 


In every industry, for scores of 
_ applications, electricity means higher 
productivity. 


Electricity for Productivity 


Ask your ELECTRICITY BOARD for advice and 
information, or get in touch with E.D.A. They 
can lend you, without charge, films about the 
uses of electricity in industry. E.D.A. are also 
publishing a series of books on Electricity and 
Productivity. Titles now available are: Electric 
Resistance Heating, Electric Motors and Controls, 
Higher Production, Lighting in Industry, and 
Materials Handling. Price 8/6, or 9/- post free. 


Issued by the 
British Electrical Development Association 
2 Savoy Hill, London, W.C.2 
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methods and instruments in their application to engineer- 
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data sheets 


fuels and lubricants 


A new issue of Fuels and Lubricants Data Sheets has recently been prepared and 
sent to all holders of the original issue. The new issue includes revisions to the 
existing sheets on fuels and a new group of sheets on lubricating oils. Concise summaries 
of current specification requirements (both U.K. and U.S.A.) are given, while many of the 
sheets collect together data that are often difficult to obtain elsewhere. 


The issue has been prepared by the Royal Aeronautical Society in conjunction with 
the Institute of Petroleum. 


THE ROYAL AERONAUTICAL SOCIETY 
4 HAMILTON PLACE, LONDON, W.1 
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Almost from the start of powered 


flight, Dunlop has been supplying aids to safer and more 


efficient flying. Today their claim to serve 


aviation is further substantiated by essential contributions to a 


new and expanding field of aeronautical activity— 


guided missiles and rockets. Dunlop Aviation 


Division are already developing actuating equipment 


associated with propulsion, guidanee and armament of guided missiles 
of all types as well as providing components for 
recovery after test launching, Constructors 

and designers in this field are invited to communicate 


with:— 


DUNLOP REBBFR COMPANY (LIMITEO « 
CAVEATION OIVISION? * FOLESHELL COVENTRY 
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THE THIRD EYE 


The head of a secret society? 
A 'plane spotter? Perhaps it’s the ideal 
pedestrian? 

Or is it another night club? 


But no! This is the surviving remnant of 
millions of years ago—of the later Paleozoic Age 


—still preserved in the twentieth Century: the 
Progressive Age . 


by the New Zealand Government. 


Sphenodon Punctatum . . 
third, or pineal, eye set in the top of his head. 


are there. 


The little fellow at the head of our page has not 
materially altered in all that time, and is now protected 


With such a background, he is perhaps entitled to an 
imposing list of aliases like Tuatera, Tuatara, Hatteria and 
. But we were more impressed by his 
True, this third 
eye seems, in the mature animal, to have lost its use, but its remains 


How useful a third eve would be in this age! 


There are, however, compensations: 
other sorts of eyes. The eye, for 
instance, that watches the interests of 
clients. 


heath 


The third eve of Blackheath is such. 


THE AERONAUTICAL SOCIETY 
AND THE FIRST FIFTEEN 
VOLUMES (1897-1911) 

OF THE JOURNAL OF THE 
AERONAUTICAL SOCIETY 
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THE TWENTY THREE 
ANNUAL REPORTS (1866-93) OF 


REPRINTING 


This facsimile reprint is being carried out with the 
permission and full co-operation of the Royal 
Aeronautical Society. It presents a unique opportunity 
for libraries and collectors to complete their sets 
with these hitherto uncbtainable early volumes 

of the Journal and its predecessor the 


Annual Reports. 


The Annual Reports (in 4 volumes) are now available 
and the Journal should be ready by the end of 
the year. 


For further information and full details please write 


for the prospectus to: — 


PETER MURRAY HILL (Publishers) LTD 


73 SLOANE AVENUE 
CHELSEA LONDON SW3 
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More passengers carried — more scheduled flights — 
increased freight loads are but a few of the signs of the 
continued and growing confidence in civil aviation. In line 


with this picture of expansion, service aircraft create new 


records. This era of continued expansion is built upon a 
reputation for reliability. 

Teddington Aircraft Controls Limited are suppliers of 
control equipment to every major aircraft and engine 


manufacturer in Great Britain. Today they are extending 


—_=oe————_ their range to satisfy the demands of tomorrow. 


Zz 


TEDDINGTON AIRCRAFT CONTROLS 


Zz 


Lei> TEDDINGTON AIRCRAFT CONTROLS LTD., MERTHYR TYDFIL, SOUTH WALES Telephone: Merthyr Tydfil 666 


pin London Offices: COLNBROOK-BY-PASS, WEST DRAYTON, MIDDLESEX Telephone: Colnbrook 502 
51 BROMPTON ROAD, S.W.3 Telephone: KENsington 4808 
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Synthetic reinforcements 
for stronger plastics 


Fothergill & Harvey have unique experience in weaving 
synthetic textiles and welcome enquiries. As leaders in 
this specialised tield they produce the widest range of 
materials for plastic reinforcement including: 

Tyglas VW ith resins Tyglas gives an excellent strength- 
for-weight ratio. It is treated in various ways to take ad- 
vantage of the best properties of Polyester, Epoxy, 
Phenolic and Silicone resins. Ourexclusive GARAN finish 
give Tyglas superior wet flexural retention. 

also Terylene, Nylon, Dynel, and other industrial cloths 


Industrial textiles—ask FQTHERGID 


FOTHERGILL & HARVEY (Sales) LIMITED 
Harvester House, Peter Street, Manchester 2. Elackfriars 3232 
and 103 Mount Street, London, W.1. Grosvenor 1933 


e e 

the amr COOKERS MOTORS GENERATORS RADIO 
eo @ © EQUIPMENT REFRIGERATORS - HEATING AND 

VENTILATION LIGHTING FITTINGS STEWARDS’ 


CALL SYSTEMS - HEAVY ALLOY - AIRCRAFT CABLES 
WATER HEATERS + URNS + OSRAM LAMPS, ETC. 


AIRPORT LIGHTING AND CONTROL - GROUND 
the ground © TRAFFIC CONTROL POWER EQUIPMENT AND CABLES 

RADIO COMMUNICATION + NAVIGATIONAL AIDS 
BROADCAST CALL SYSTEMS ~* LIGHTING FITTINGS 
TELEPHONE COMMUNICATION HEATING AND 
VENTILATION  OSRAM LAMPS COOKING 
EQUIPMENT AND ANY OTHER TYPE OF ELECTRICAL 
EQUIPMENT FOR AIRPORT BUILDINGS, ETC. 


la 


THE GENERAL ELECTRIC COMPANY LIMITED + MAGNET HOUSE + KINGSWAY LONDON - W.C.2 
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PAYLOAD Ib 


20,000 


15.000 


10,000 


5.000 


Britannia 100 For British Overseas 
Airways Corporation’s Commonwealth 
routes, carrying 92 tourist passengers at 
up to 385 mph. Powered by Proteus 705 
engines. 

Britannia 310 Longer-bodied, longer- 


range version, carrying up to 133 tourist 
passengers. Ordered by British Overseas 
Airways Corporation, El Al Israel Airlines, 
Canadian Pacific Airlines and Hunting 
Clan Air Transport. Powered by Proteus 
755 engines. 


L- BRITANNIA 310 


BRITANNIA 


2000 4000 


6000 


STILL AIR RANGE st mi 


8000 
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2 
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Hawker Siddeley Group 
Pioneer and World Leader in Aviation 


The pages of history make it plain that man’s fundamental rights—freedom, peace and 
security—cannot be taken for granted. In the past they have been fought for. Now they 
must be worked for, paid for .. . and protected with all the strength and vigilance we 
can command. The far-sighted enterprise of the Hawker Siddeley Group of Companies 
is providing the free world with the vital air power that deters aggression. Group aircraft 
and aero engines like the Avro Vulcan, the Hawker Hunter, the Gloster Javelin and 
the Avro Shackleton Mark 3 are among the world’s best. And the A. V. Roe Canada 
Group, Hawker Siddeley’s young and vigorous offshoot in Canada, are producing the 
all-weather Avro CF-100 and the Orenda turbojet. These vital instruments of defence give 
us hope for a peaceful future based on solid strength. 


HAWKER SIDDELEY GROUP 


18 St. James’s Square, London, S.W.1 
PIONEER . .. AND WORLD LEADER IN AVIATION 


A. V. ROE - GLOSTER - ARMSTRONG WHITWORTH - HAWKER - HAWKER SIDDELEY NUCLEAR POWER - ARMSTRONG SIDDELEY - HAWKSLEY - ARMSTRONG SIDDELEY (BROCK~ 
WORTH) - AIR SERVICE TRAINING - HIGH DUTY ALLOYS and in Canada: AVRO AIRCRAFT - ORENDA ENGINES - CANADIAN STEEL IMPROVEMENT - CANADIAN CAR AND FOUNDRY 
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and Ltd 
are the principal suppliers 
aviation fuels 
the british 


industry 


SHELL AND EP 
AVIATION SERVICE 


Shell- Mex and B.P. Ltd., Shell- Mex House, Strand, W.C.2. Distributors in the United Kingdom for the Shell BP & Eagle Groups 
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The other athletes 
got there first! 


Consult your local B.0.A.C. Appointed Agent or any B.0.A.C. office. 


BRIT? SoH OVERSEAS AIRWAYS 
12 


CORPORATION 
L SOCIETY 
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INTERCEPTOR FIGHTERS 


‘ENGLISH ELECTRIC’ 


GLOUCESTER : ENGLAND 


BRITISH MESSTER LTB 
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The NEW 


soon join BEA 


The first of the 24 new Vickers Viscount 802’s ordered by BEA will shortly be in 


service. Powered by four Rolls-Royce R.Da.6 Dart Engines, these new aircraft 
provide accommodation for up to 70 passengers. ‘They will enable BEA to 
extend and improve the comfort and service provided by their existing fleet, 
which already includes 27 Viscount 700’s. 
The R.Da.6 is the latest of the famous Rolls-Royce Darts. Later versions of 
the Viscount—the 810’s and 840’s—will take advantage of the even greater 
power of the R.Da.7,1 and R.Da.8 respectively. This will mean an increase in 


Viscount cruising speed to 400 m.p.h. 


Viscounts of the V.800 and V.810-840 series 
have been ordered by 


AER LINGUS 

BRITISH EUROPEAN AIRWAYS 
COMPANIA CUBANA DE AVIAGION, S.A. 
| CONTINENTAL AIR LINES, ING., U.S.A. 
DEUTSCHE LUFTHANSA A.G. 

K.L.M. ROYAL DUTCH AIRLINES 

NEW ZEALAND NATIONAL AIRWAYS 

PAKISTAN INTERNATIONAL AIRLINES 

SOUTH AFRICAN AIRWAYS 


VICKERS-ARMSTRONGS (AIRCRAFT) LIMITED WEYBRIDGE SURREY wien 


TRANS-AUSTRALIA AIRLINES 


FOUR ROLLS-ROYCE DART PROPELLER-TURBINE ENGINES 
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It’s comfort 


24 hours a day 


You'll learn what passenger comfort means 
when you fly in these wonderful Super-G 
Constellations! Meals to remember nostalgi- 
cally, long after you’ve landed. . . service that 
anticipates your needs ... nights of deep, dream- 
less sleep in fully reclining foam-soft Sleeper- 
chairs. The extra space in this great new 
Super-G Constellation allows us to provide a 
full* Sleeperchair for every Ist class passenger, 
(London, Sydney, Vancouver), and, on the 
Pacific route, to offer a limited number of 
sleeping berths in addition. 


! 
Tourist or First Class, West from San Fran- ! 
cisco or Vancouver to Australia and New |! 
Zealand-or East by the QANTAS B.0.A.C. I 
Kangaroo Route via Middle East, India and ! 
S.E. Asia. Also Sydney to Far East and 1 
South Africa. I 
Tickets and advice from appointed 
Travel Agents, any B.O.A.C. Office 

and Qantas, 69 Piccadilly, W.1. 
MAYfair 9200. | 
* Regretfully, during Olympic/Christmas period, Ist November-3)st 

December, no bunks available. 


AUSTRALIA’S OVERSEAS AIRLINE 


IN ASSOCIATION WITH B.O.A.C AND T.E.A.L 
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‘KYNAL’ AND ‘KYNALCORE’ wrought 
aluminium alloys are already extensively used in 


Come to think of it, weight nearly always is a problem. the following industries: 
In almost omy branch of industry —and particularly m Aircraft : ribs, spars, engine components, stressed skin 
transport—weight saved means greater all-round efficiency and covering, fittings, etc. 
economy. Railways: structural members, roofing, panelling, 
That’s where light, strong and durable ‘Kynal’ wrought windows, luggage racks, etc. 
aluminium alloys come in—enabling weight to be reduced Road Transport : structural members, floor planks and 
without loss of strength. With the aid of the Technical panelling, windows, tread strips, doors, small fittings, etc. 
Service and Development staff of I.C.I. Metals Division, Shipbuilding : bridges, wheelhouses, outer funnels, life- 
des fi boats and davits, decks, skylights, stanchions, bulkheads, 
engineers and designers are constantly finding new uses for cnnitielit die, abe. 


> 
Kynal alloys. 3 Building : roof coverings, side claddings, ventilators and 
May we help solve your weighty problems? windows, panelling, interior fittings, etc. 


M.414 
IMPERIAL CHEMICAL FNDUSPRIEES LIMITED, EON KON, 
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Light and compact 
All-speed governing 

Pre-selected maximum temperature trim 
Simplified fuel filtration 


SINGLE CIRCUIT SPILL BURNER SYSTEMS 


DOWTY FUEL SYSTEMS LTD - CHELTENHAM - Member of the DOWTY Group 
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Chairman: Group Captain W. F. BecKwitH, C.B.E. 
Hon. Secretary: Sqn. Ldr. E. J. HOLDEN, 
R.A.F. Technical College Mess, Henlow, Beds. 
ISLE OF WIGHT 
President: Sir ARTHUR GouGE, Hon.F.R.Ae.S. 
Chairman: H. KNow er, F.R.Ae.S. 
Hon. Secretary: L. W. ROSENTHAL, A.F.R.AeS., 
Saunders-Roe Ltd., Osborne, E. Cowes, Isle of Wight. 


LEICESTER 

Chairman: 1. TorsBe, A.F.R.Ae.S. 

Hon. Secretary: R. G. Austin, A.F.R.Ae.S., 
Helicopter Dept., Auster Aircraft, 
Rearsby, Leicester. 

LONDON AIRPORT 
Chairman: B. S. SHENSTONE, F.R.Ae.S. 
Hon. Secretary: N. C. BRown, A.R.Ae.S. 


LUTON 
President: W. A. SUMMERS, A.F.R.Ae.S. 
Chairman: E. N. B. BENTLEY, A.F.R.Ae.S. 
Hon. Secretary: L. A. WiLLotT, A.F.R.Ae.S. 
Hunting Percival Aircraft Ltd., Luton Airport. 


MANCHESTER 
President: Sir Roy H. Dosson, C.B.E., J.P., Hon.F.R.Ae.S. 
Chairman: C. E. O.B.E., F.R.Ae.S. 
Hon. Secretary: J. A. E. WATERFALL. 
56 Manor Avenue, Ashton-on-Mersey, Cheshire. 


MERTHYR TYDFIL 

President: W. R. MorGaAns, M.B.E. 

Chairman: J. INGRAM. 

Hon. Secretary: G. M. MAaILi, A.F.R.Ae.S., 
Teddington Controls Ltd., 

Cefn Coed, nr. Merthyr Tydfil, South Wales. 
PRESTON 

President: Sir GEORGE H. NELSON. 

Chairman: W. HArRPLEY. 

Hon. Secretary: E, Loveress, A.F.R.Ae.S., 
Aircraft Division, English Electric Co. Ltd., 
Warton Aerodrome, nr. Preston. 

READING 

President: Sir FREDERICK HANDLEY PAGE, C.B.E., 

Chairman: R. J. FENNER, .A.F.R.Ae.S. [Hon.F.R.Ae.S. 

Hon. Secretary: G. H. Davies, Grad.R.Ae.S., 

Handley Page (Reading) Ltd., 
The Aerodrome. Woodley, Reading. 
SOUTHAMPTON 

Chairman: H. C. SmitH, F.R.Ae.S. 

Hon. Secretary: S. F. STAPLETON, A.F.R.Ae.S., 
Folland Aircraft Ltd., Hamble, Hants. 

WEYBRIDGE 

President: G. R. Epwarps, C.B.E., F.R.Ae.S. 

Chairman: H. H. GARDNER, F.R.Ae.S. 

Hon. Secretary: E. G. Barper, A.R.Ae.S., 
Vickers-Armstrongs (Aircraft) Ltd., Weybridge. 

YEOVIL 
President: E. C. WHEELDON. 
Chairmen: D. L. Horwts-Witiiams, F.R.Ae.S., and 
Dr. E. W. F.R.Ae.S. 

Hon. Secretary: L. A. LANSDOWN, A.F.R.Ae.S., 
Westland Aircraft Ltd., Yeovil. 

November 1956. 


> 
f 4 
* 
r | 
“ 
| 
| 
| 
| 
| 
2 


I AM SURE members of the Society 

will wish to welcome Mr. Richard H. 
Levinson, M.A., A.C.A., who has joined the 
Staff as Head of the Accounts. Mr. Levinson 
was educated at Harrow and St. John’s 
College, Oxford, where he took his B.A. 
Degree in 1933. After going down from 
Oxford he became articled to a firm of 
Chartered Accountants and he became an 
Associate of the Chartered Accountants 
Institute in 1937. 


During the War Mr. Levinson served as a 
member of the Financial Control Board of The 
Royal Netherlands Government from 1940- 
1947. After this he spent four and a half years 
as Bursar at The King’s School, Canterbury. 


News Letter 


Secretary's 


November 1956. 


Mr. Levinson has had some experience of 
Institutional accounts, for from 1953 until 
1956 he was Chief Accountant at the Royal 
Society of Medicine. 


I hope that Mr. Levinson will enjoy his 
stay with us, and we would wish him a long 
and happy stay as Accountant of the Royal 
Aeronautical Society. Already he has made 
friends with the Staff, not that that is a difficult 
thing to do. 


On Friday 19th October, both Miss Voyce 
and Dr. E. W. C. Wilkins, who has also 
resigned, were given mementos of their stay 
with the Society. 


Secretary 


NOTICES 


An annual sum of £250 is available for premium awards for papers, including 


Technical Notes, published in the Journal. 


Members and non-members of the 


Society are invited to submit Papers on any aspect of aeronautics 


TWELFTH BRITISH COMMONWEALTH AND EMPIRE LECTURE 


The Twelfth British Commonwealth and Empire Lecture, 
to be given by Mr. L. P. Coombes, D.F.C., F.LAS., 
F.R.Ae.S., on “ Aeronautical Development in Australia 
and its Potential Value to the British Commonwealth,” 
will be held at the Institution of Mechanical Engineers, 
Birdcage Walk, S.W.1, at 6 p.m. (Tea at 5.30 p.m.) 

Members will be interested to hear that Mr. Coombes 
has recently been elected President of the Australian 
Division of the Society in succession to Professor A. V. 
Stephens who is now Professor of Aeronautical Engineer- 
ing, Queen’s University, Belfast, N. Ireland. 


ASSOCIATE FELLOWSHIP EXAMINATIONS, DECEMBER 1956 

The Associate Fellowship Examinations will be held on 
the 11th, 12th and 13th December 1956 in the United 
Kingdom and at various Centres abroad. All Candidates 
will be sent a time-table and full instructions. 


ELLiotr MEMORIAL PRIZE 


Leading Apprentice D. R. Carr-Hyde was the aircraft 
apprentice of the January 1954 Entry who obtained the 
highest marks in the General Studies Examination and has, 
therefore, been awarded the Elliott Memorial Prize. This 
will be presented to him at the Graduation Prize Giving 
which is to take place at Halton on 19th December 1956. 


LIBRARY 
The Library will be inaccessible during the three days 
of the Associate Fellowship Examination, 11th, 12th and 
13th December. 


RoyYaAL AERONAUTICAL SOCIETY PRIZES IN AERONAUTICS 


The following Royal Aeronautical Society Prizes in 
Aeronautics for 1956 have been awarded by the Council. 
The Society’s Prizes in Aeronautics are awarded to the 
best student in The Aeronautical Department in each case. 


Douglas Henry Jagger 


University of Glasgow 
John Glynn Jones 


University of Cambridge 


University of Bristol D. Isaacs 
Imperial College of Science 
and Technology G. E. Cook 
College of Aeronautics J. R. Hatfield 
Queen Mary College Feyman | tointly 
University of Southampton J. H. Foxwell 


ACOUSTICS IN AERONAUTICS 
A course on “ Acoustics in Aeronautics” is to be held 
by the University of Southampton from 3lst March to 
6th April 1957. Applications should be made to the 
Secretary of the Course, University of Southampton. 


| 


News OF MEMBERS 


J. ALLAN (Associate Fellow) has been appointed Chief 
Designer, Handley Page (Reading) Ltd. 

A. A. AskoTis (Student) has taken a post with Short 
Brothers and Harland Ltd. as a Stressman. 

Squadron Leader W. B. BATCHELOR (Associate) has left 
the employment of the Government of Republica 
Dominicana and is now Chief Technical Officer for Suez 
Contractors (Aviation Services Ltd.) at Ismailia. 

G. E. BECK (Associate Fellow) has been appointed Group 
Leader of Airborne Navigational Aids Development at 
Marconi’s Wireless Telegraph Co. Ltd. 

T. E. G. BowbDeN (Associate Fellow), formerly Senior 
Engineer with the Department of Defence Production in 
the Division of Aircraft Production (Australia), is to be 
Commercial Manager, Rolls-Royce of Australia (Pty) Ltd. 

FRANCIS BUTTERS (Companion), Deputy P.R. Manager at 
F. C. Pritchard, Wood and Partners, has been elected to 
the Berkshire County Council. 

Squadron Leader J. M. CAuDLE (Associate Fellow) has 
taken over duties as Officer Commanding Technical, Wing 
Maintenance Base at Malta, in succession to Squadron 
Leader L. G. James (Associate Fellow). 

B. G. Coucu (Associate) has left the R.A.F. and is now 
working for B.O.A.C., London Airport. 

Air Commodore T. C. DICKENS (Associate Fellow) is 
now General Manager of the Hong Kong Aircraft 
Engineering Company. 

E. DicKERSON (Associate Fellow) has left Vickers- 
Armstrongs (Aircraft) Ltd. and has taken a position as a 
Designer with Avro Aircraft in Canada. 

P. K. Dicsy (Associate Fellow) has a new appointment 
as Technical Assistant to the Director of Research 
Production Engineering Research Association, Malton, 
Mowbray. 

J. L. Eaton (Associate Fellow) has joined the engineering 
Staff of Arthur D. Little, Inc., Research and Business 
Consultants of Cambridge, Massachusetts. 

R. Eaton (Student) is now a Scientific Officer, Aero 
Flight Dept., R.A.E., Bedford. 

J. Ertis (Graduate), formerly with Vickers-Armstrongs 
(Aircraft) Ltd., is now a Scientific Officer in the Directorate 
of Aircraft Research and Development (General) at the 
Ministry of Supply. 

W. GALE (Associate Fellow) is now Eng. 2 Inspector-in- 
Charge, A.I.D., Fairey Aviation Co. Ltd., Cheshire. 

E. W. J. Gray (Fellow) has resigned from his position as 
Chief Designer, Handley Page (Reading) Ltd. 

F. T. HEARLE (Fellow) has retired from the Board of 
Directors of de Havilland Holdings Ltd. 

C. P. HoMEs (Associate) is now with Roan Prestressed 
Concrete Products Ltd., Southern Rhodesia. 

D. Isaacs (Student), formerly a student at Bristol 
University, is now a Scientific Officer at the Ministry of 
Supply, R.A.E., Bedford. 

B. M. LEMPRIERE (Student) has been appointed to the 
post of Lecturer in Structural and Mechanical Testing in 
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the Department of Design at the College of Aeronautics, 
Cranfield. 

Wing Commander E. H. MAULE (Associate Fellow) has 
left the Royal Air Force, Pembrey, Carmarthen, to take 
up an appointment with the U.S.A.F. Headquarters Air 
Materiel Command, Ohio. 

K. I. MCKENZIE (Graduate) is now a Scientific Officer 
at the R.A.E. 

K. F. McQuaDE (Graduate), formerly with de Havilland 
Aircraft Co. Ltd., is now with A. V. Roe Ltd. of Malton, 
Canada, as a Design Draughtsman. 

P. J. METTAM (Graduate) has left England to take up a 
post as Associate Aircraft Engineer with the Lockheed 
Aircraft Corporation (Georgia Division). 

P. MINTON (Graduate), formerly at the Royal Naval 
College, Greenwich, is now Lecturer in the Hydraulics 
Department at Imperial College, London. 

Squadron Leader W. MuIRHEAD (Associate Fellow) has 
been appointed Officer Commanding Engine Repair 
Squadron at No. 32 Maintenance Unit, R.A.F., St. Athan, 
Glamorgan. 

A. N. Oak (Companion) has joined Kirloskar Oil 
Engines Ltd., Poona, in the Technical Office and is in 
charge of the Research and Development Group. 

Air Vice-Marshal W. A. Opie (Fellow) has been 
appointed Air Officer Commanding, No. 41 Group, R.A.F., 
Andover, Hants. 

A. P. N. Potts (Graduate) has completed his apprentice- 
ship with Blackburn and General Aircraft Ltd. and has 
been appointed to their Aerodynamics Department in the 
Performance Section. 

M. J. RANT (Graduate) has recently taken the post of 
Senior Technical Representative for aircraft products with 
Smiths Aircraft Instruments Ltd. in North America. 

Group Captain BRUCE ROBINSON (Associate Fellow) has 
been appointed an Aide-de-Camp to the Queen from the 
31st July 1956. 

T. G. Ross (Associate Fellow) is now an Experimental 
Officer at the National Physical Laboratory, Teddington. 

A. E. ROWLAND (Associate Fellow) is now employed in 
the Technical Office of Blackburn and General Aircraft 

Wing Commander H. G. A. SCILLEY (Associate Fellow) 
has left B.O.A.R., Germany, and is now Senior Technical 
Officer at R.A.F., Akrotiri, Cyprus. 

S. H. P. Smit (Associate Fellow) has taken an appoint- 
ment as Liaison Engineer with Rolls-Royce Ltd., Derby. 

T. C. Stamp (Associate Fellow), formerly with Avro 
Aircraft Ltd., has now taken an appointment with Republic 
Aviation Corporation as a Senior Structures Engineer. 

Air Commodore N. A. Tait (Associate Fellow), formerly 
Command Engineer Officer with the 2nd T.A.F., Germany, 
has been appointed to the Air Ministry as Director of 
Aircraft Engineering. 

J. A. C. Wititams (Associate Fellow) has relinquished 
his Research Fellowship at the College of Aeronautics, 
Cranfield, and has been appointed Head of Engineering 
Training, National Coal Board. 


DIARY 


LONDON 
6th November 
Malin Lecture.—London Airport. Air Marshal Sir John 
D’Albiac. K.B.E.. C.B.. D.S.O. The Institution of 
Mechanical Engineers, Birdcage Walk. London, S.W.1. 
6 p.m. (Tea 5.30 p.m.) 
13th November 
SEcTION LecTURE.—Air Conditioning of Aircraft. Dr. 
E. W. Still. Library. 4 Hamilton Place. London W.1. 
7 p.m. 
20th November 
SECTION LecturE.—C. of A. Flight Testing. D. P. Davies. 
Library. 4 Hamilton Place, London W.1. 7 p.m. 


22nd November 

TWELFTH BRITISH COMMONWEALTH AND EMPIRE LECTURE. 
Aeronautical Development in Australia and Its Potential 

Value to the British Commonwealth. L. P. Coombes, 
D.F.C. The Institution of Mechanical Engineers. Birdcage 
Walk, London S.W.1. 6 p.m. (Tea 5.30 p.m.) 

4th December 
MAIN LectuRE.—The Fairey Delta. R. L. Lickley and P. 
Twiss. The Institution of Mechanical Engineers, Birdcage 
Walk, London S.W.1. 6 p.m. (Tea 5.30 p.m.) 

11th December 
SECTION Lecture.—Materials for Aircraft Structures 
Subjected to Kinetic Heating. Professor A. J. Murphy. 

Library, 4 Hamilton Place, London W.1. 7 p.m. 


LXIV 
: 
af 
a 
(ies 
¢ 
or 


NOVEMBER 


17th December 
Main Lecture at Reading Branch.—Transferred to 26th 
MARCH. 

20th December 
ALL Day SECTION LECTURE ON TRANSONIC WIND TUNNEL 
TESTING TECHNIQUES.—Introductory papers will be read 
by: H. F. Vessey, R. Hills, J. A. Kirk, F. O'Hara, F. E. 
Roe. The Institution of Mechanical Engineers, Birdcage 
Walk, London S.W.1, 10 a.m. Admission will be by 
tickets only. See Special Notice. 


GRADUATES’ AND STUDENTS’ SECTION 

23rd November 
The Effects of Kinetic Heating on Aircraft Structures. 
A. W. Kitchenside. Library, 4 Hamilton Place, W.1. 
7.30 p.m. 

30th November 
Annual Dance. 

7th December 
Film Show. Library, 4 Hamilton Place, W.1. 7.30 p.m. 


BRANCHES 

6th November 
Belfast.—G yroscopes. 
Belfast. 7 p.m. 
Boscombe Down.—High-Speed Flight Problems. R. F. 
Creasey. Lecture Hall, A. and A.E.E., Boscombe Down, 
Amesbury. 5.45 p.m. 

7th November 
Bristol.—The Dawn 
Pritchard. | Conference 
Aircraft Ltd. 6 p.m. 
Chester.—Flight Systems for Transport Aircraft. 
McKinley. Grosvenor Hotel, Chester. 7.30 p.m. 
Luton.—The Prestwick Pioneer. N. J. Capper. 
Senior Staff Canteen, Luton Airport. 6.15 p.m. 

8th November 
Isle of Wight.—Annual Dinner. Ryde Hotel. 
Merthyr Tydfil—Aircraft Fluid Sealing Problems. 
Drew. Teddington Aircraft Controls, Cefn Coed. 

12th November 
Glasgow.—-Uses 
R.. A, Paul. 
7.15 p.m. 
Halton.—-Film: The War in the Air Series No. 11. 
Branch Hut, R.A.F. Halton. 6.45 p.m. 
Henlow.—The Use of Plastics in the Aircraft Industry. 
H. V. Potter. Building 62, R.A.F. Technical College. 
7.30 p.m. 

14th November 
Cheltenham.—-The Fokker Friendship” Aircraft. Ir. 
H. C. van Meerten. Dowty Equipment Ltd.. Arle Court. 
Cheltenham. 7.30 p.m. 
Leicester.._Manned Flight into Outer Space. T. Nonweiler. 
Lecture Theatre, Loughborough College, Leicester. 
6.30 p.m. 
Preston.—The Application of Digital 
Aircraft Problems. Dr. Scott. 
7.30 p.m. 

16th November 
Birmingham.—-Silencing of Jet Engines. 
Birmingham Engineering Centre, 
Birmingham. 7.15 p.m. 
Luton.—Branch Dinner. 

19th November 


4 Hamilton Place, W.1. 8 p.m.-11.45 p.m. 


C. B. Flindt. Kensington Hotel, 


Laurence 
Bristol 


of Aerodynamics. J. 
Room, Filton House. 


W.. H. 


Napier 


H.-A: 


of Electronic 
Royal 


Computing Machines. 
Technical College, Glasgow. 


Computors to 
Queen’s Hotel, Lytham. 


F. B. Greatrex. 
Stephenson Place, 


Leicester Arms Hotel, Luton. 


Halton.—Film: The War in the Air Series No. 12. Branch 
Hut, R.A.F. Halton. 6.45 p.m. 

21st November 
Bristol—Junior Members’ Papers Competition. Con- 


ference Room, Filton House, Bristol Aircraft Ltd. 6 p.m. 
Christchurch.—Aecroplane Noise: A Challenge. Professor 
E. J. Richards. Ball Room, King’s Arms Hotel, 
Christchurch. 7.30 p.m. 

Coventry.—Some Influences of Equipment and Systems on 
Aircraft Design. C. F. Joy. The Wine Lodge. The Burges, 
Coventry. 7.30 p.m. 

Reading.—Interplanetary Flight. J. Humphries, Western 
Manufacturing (Reading) Ltd. Canteen. 6 p.m. 
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Southampton.—Some Drag Aspects of Swept Wings. Dr. 
D. Kiichemann. Lecture Theatre, Institute of Education, 
University of Southampton. 7 p.m. 
Weybridge.—-_New Machining Techniques in the Aircraft 
Industry. L. G. Burnard and T. A. Waite. Apprentice 
Training School, Vickers-Armstrongs (Aircraft) Ltd. 6 p.m. 

26th November 
Bristol — Visit 
Bristol. 
Henlow.—Meteorology: Clear Air Turbulence. Dr. R. S. 
Scorer. Building 62, R.A.F. Technical College, Henlow. 
7.30 p.m. 

27th November 
Belfast.—Atomic Energy for Aircraft Propulsion. Dr. 
Bauer. Kensington Hotel, Belfast. 7 p.m. 
Boscombe Down.—Aeroplane Noise: A_ Challenge. 
Professor E. J. Richards. Lecture Hall, A. and A.E.E., 
Boscombe Down, Amesbury. 5.45 p.m. 

29th November 
Isle of Wight.—Recent Developments in Production 
Processes. W. E. Goff. Clubhouse, Saunders-Roe Sports 
and Social Club, Church Path, E. Cowes. 6.30 p.m. 

3rd December 
Derby.—Development and Production of High Tempera- 
ture Alloys for Turbine Engines. H. E. Hignett. Rolls- 
Royce Welfare Hall, Nightingale Rd., Derby. 6.15 p.m. 
Glasgow.—Supersonic Aircraft and Missiles. P. J. 
Duncton. Royal Technical College, Glasgow. 7.15 p.m. 

5th December 
Bristol.—Joint Meeting with Regional Meeting of the 
Institute of Production Engineers. Prospects and Problems 
in British Aviation. P. G. Masefield. Main Lecture 
Theatre, University Engineering Labs., University Walk, 
University of Bristol. 7 p.m. 
Chester.— Problems Associated with Non-metallic 
Materials in Aircraft. N. J. L. Megson and E. W. Russell. 
Grosvenor Hotel, Chester. 7.30 p.m. 
Christchurch.— Transfer Machining. A. J. Sephton. Joint 
Lecture with the Institute of Production Engineers. 
Town Hall, Christchurch. 7.15 p.m. 
Luton.—Trends in Aircraft Electrical Installations. H. 
Zeffert. Napier Senior Staff Canteen, Luton Airport. 
6.15 p.m. 

10th December 
Henlow.—Student Members’ Lectures. Building 62, R.A.F. 
Technical College, Henlow. 7.30 p.m. 

12th December 
Christchurch.—American Production Methods. J. A. 
Mackenzie. Ball Room, King’s Arms, Christchurch. 7.30 p.m. 


to Engineering Faculty, University of 


Coventry.—Lectures by Junior Members. The Wine 
Lodge, The Burges, Coventry. 7.30 p.m. 
Leicester—Annual General Meeting and Film Show. 
Lecture Theatre, Loughborough College. 6.30 p.m. 


Merthyr Tydfil—-Films arranged by K. P. Bryant. 
Teddington Aircraft Controls, Cefn Coed. 
Preston.— Novel Methods of Take-Off and Landing. T. J. 


Cummings. Queen’s Hotel, Lytham. 7.30 p.m. 
Southampton.—Fourth Mitchell Memorial Lecture. Noise 
and Aircraft Structures. Professor E. J. Richards. Lecture 


Theatre, Institute of Education, University of Southampton. 
7 p.m. 

13th December 
Bristol.— Film Show: Conference Room, Filton House, 
Bristol Aircraft Ltd. 6 p.m. 
Cheltenham.—<Accident Investigation. Lt. Cdr. 
Fenton. St. Mary’s College Cheltenham. 7.30 p.m. 
Isle of Wight._-Annual General Meeting and Film Show. 
Clubhouse, Saunders-Roe Sports and Social Club, Church 
Path, E. Cowes. 6.30 p.m. 

14th December 
Weybridge.— Annual Dance. 

20th December 


F. R: 


Belfast.—Debate: That there are too many Aircraft 
Companies in the British Isles. Kensington Hotel, Belfast. 
7 p.m. 
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ELECTIONS 
The following is a list of new members and transfers 
of membership of the Society :— 


Associate Fellows 


Harry Edward Adams Gordon Stephen Frederick 


Thurstan Haddon Banister 
(from Graduate) 
Douglas Barnett 
Brian Bethell 
(from Graduate) 
Leonard George Burnard 
(from Associate) 
Raymond Albert Vincent 
Byron (from Graduate) 
Robert Andrew Caldecote 
Harry David Cooper 
Denis Robert Dudgeon 
Frederick William Dyke 
Kenneth Edgerton 
(from Graduate) 
Victor Nigel Ferriman 
(from Graduate) 
William Alexander Penton 
Fisher 
Ivor Victor Franklin 
Robert Charles Godwin 
(from Graduate) 
Peter Michael Gray 
(from Graduate) 
William George Hearle 
(from Graduate) 
Charles Roger Heaton 
(from Graduate) 


Associates 


John Ernest Allen 
(from Student) 
Alfred John Atkinson 
(from Companion) 
Herbert Leslie Barnes 
Eric Maurice Bell 
Dennis Bernard Black 
(from Student) 
Bernard James Brooks 
Ronald Arthur Butt 
Alexander William Cameron 
Leslie George Carpenter 
Brian Harry Cox 
(from Student) 
Ernest James Richard Davis 
Donald Stewart Ekless 
Reginald John Fowler 
Arthur Charles Fry 
(from Student) 
Bernard Hough 
William John Claude 
Humphrey 
Gilbert Hunt 
Francis Arthur Jackson 
Victor Henry Johnson 


Graduates 


Michael Armstrong 

Fred Birchall 

Christopher Ferdinand Forer 

Jack Colin Green 

Edwin Thomas Harris 

Lionel Levy 

Thomas Gerald John Moag 
(from Student) 

Michael O’Connor 


Students 


John Barrie Arnold 

Harry Brown 

Philip John Dickinson 
William Jeremy Everett 
Samarendralal Ganguly 
Douglas Brownlee Gemmell 
Edward George Hudson 
Ikramul-Haq 


Companions 


Arnon Avivner 
Edward Emile Jansen 


Holman (from Graduate) 
John Brodie Bowman 
Johnston (from Graduate) 
John Opas Kane 
Harry James Keyes 
Ronald George Knight 
(from Graduate) 
Godfrey Newby Lance 
(from Graduate) 
Harris Charles Levey 
Walter McGowan 
Denys John Mead 
(from Graduate) 
Thomas O’Brien 
Joseph Palmer 
George Robert Prime 
(from Graduate) 
Robert Norman Rowland 
(from Associate) 
Hedley Settle Rowley 
Graham Neil Stevens 
(from Graduate) 
John Hunter Taylor 
(from Graduate) 
Victor Frederic Thompson 
(from Graduate) 
Kenneth William Watkins 
(from Graduate) 
Kenneth Cameron Wight 


William Arthur Keightley 

Gordon Thomas Knight 

Joseph Arthur Leger 

George Frederick Lodge 

Patrick William Charles 
Monk 

Yvonne Morel 

David William Morton 

William Musgrave 

John Mark Nicholson 

George Geoffrey Odgers 

Ernest George Ralph 

Sidney Isaac Reed 

John Charles Schofield 

Roy John Silvester 

Geoffrey Norman Thayne 

John Lynn Thompson 

Heinz Vogel (from Student) 

Peter Alan Wales 

George Brian Webster 

Edward Guy Belton 
Wheatley 

James Royal Williams 

Thomas Arnold Wolsten- 
holme 


William Mostyn Owens 
Hugh Phillips 
Edward Julian Pitchford 
Colin Rodgers 
Andrzej Jacek Sarnecki 
Eric Henry Smith 

(from Student) 
William Fairbairn Thomson 
David Frank Thomas Winter 
Alan Keith Woollaston 


Zaven Alexander Kalebjian 

William McCaffrey 

David Parkinson 

Gordon Henry Pritt 

Alfred John Ward Smith 

Howard John Michael 
Smith 

Michael Robert Turner 


Gerald Irwin Secluna 
(from Student) 


TRANSONIC WIND TUNNEL TESTING TECHNIQUES 


As explained in the October Journal, admission to the 
All-Day Section Lecture and Discussion on “ Transonic 
Wind Tunnel Testing Techniques” at the Institution of 
Mechanical Engineers on 20th December will be by special 
ticket only for members and non-members. Applications 
for tickets should be made to the Secretary and until [3th 
December will be issued to members only. Thereafter 
any seats available will be issued to non-members in strict 
rotation. 


COOLING PROBLEMS IN HIGH SPEED MILITARY AIRCRAFT 

A Lecture on this subject will be given before the 
Institute of Refrigeration by Miss B. Shilling, O.B.E., 
M.Sc. (R.A.E., Farnborough), on Thursday 6th December 
at the Junior Institution of Engineers, Pepys House, 14 
Rochester Row, Westminster, S.W.1, at 5.30 p.m. Members 
of the Society are invited to attend and may obtain tickets 
from the Secretary, The Institute of Refrigeration, New 
Bridge Street House, New Bridge Street, E.C.4. 


ANNUAL SUBSCRIPTIONS 


Members are reminded that their annual subscriptions 
become due on Ist January 1957. The rates are :— 


Fellows 0 
Associate Fellows’ 0 
* Associates 0 


Graduates (aged ‘under 26) 
Graduates (aged 26 and over) .. 
Students (aged under 21) Ste 
Students (aged 21 and over) .. 
Companions “3 
Founder Members 

* Any Associate elected bitee Ist October 1947 may, 
if he wishes, elect not to receive the JOURNAL, and in this 
case his subscription will be reduced by £1 Is. Od. to 
£2 2s. Od. 

It will avoid delay and confusion if members, when 
sending remittances for subscriptions, will state their 
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An All-Day Section Lecture and Discussion on “ Supersonic Flight” was held by the Society 
on 9th May 1956 at the Institution of Civil Engineers, Great George Street., London S.W.1, 
and was presided over by Mr. G. W. H. Gardner, C.B.E., B.Sc., F.R.Ae.S., Director, Royal 


Aircraft Establishment. 


Introductory Papers were given by Mr. P. J. Duncton, B.Sc., A.R.C.S., 


D.1LC., F.Inst.P., A.F.R.Ae.S., Mr. A. V. Cleaver, F.R.Ae.S., Mr. D. J. Farrar, M.A., F.R.AeS., 
and Mr. H. H. Gardner, B.Sc., F.R.Ae.S. Each paper was followed by a Discussion and there 


was a general discussion at the end of the day. 


Mr. J. A. Dunsby, M.Sc.(Eng.), D.I.C., 


A.M.I.Mech.E., T.M.I.A.S., A.F.R.Ae.S., acted as rapporteur for the Discussions. 


Aerodynamics— Aircraft and Missiles 


by 


P, J. DUNCTON, B.Sc., A.R.C.S., D.ILC., F.inst.P., A.P.R-Ae:S. 
(Weapon Division, Fairey Aviation Co. Ltd.) 


1. Introduction 

Many may expect the major emphasis to be given to 
problems of design of manned aircraft for supersonic 
flight. Of these, there will be some more qualified to 
speak on supersonic aircraft matters than I am, for 
my own experience in supersonic aerodynamics has 
been predominantly in the guided weapon field. 
Perhaps this is no disadvantage, for I believe that the 
aircraft designer has much that he can learn from the 
guided weapon designer. 

Aircraft and missiles have much in common; for 
both are, or are intended to be, vehicles for conveying 
efficiently a payload through the air from one point to 
another. The fact that, in military applications at 
least, “efficiently” often means “as quickly as 
possible,” gives rise to a requirement for supersonic 
speeds in both aircraft and missiles. The main distinc- 
tion between an aircraft and a missile is that the one is 
manned by internal human operators, while the other is 
unmanned. The two classes merge: for no modern 
aircraft is entirely free from automatic navigation and 
control aids, yet many missiles rely on the use of an 
external human operator for guidance and monitoring. 

The functioning of both can be represented by a 
simple block diagram (Fig. 1). 

Delivery of the payload is normally achieved by a 
closed-loop guidance system. The guidance system 
derives intelligence, monitored by sensing equipment 
via a feed-back loop, and gives commands to the control 
system. The control equipment operates upon the air- 
frame and its propulsion system, again monitored by 
sensing instruments in feed-back loops, to achieve the 
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desired flight programme by virtue of the aerodynamic 
properties of the flying machine. Human operators 
may be employed either as control elements or as 
detecting instruments anywhere in this system, but fully 
automatic control is not only possible, but has often 
been achieved. The introduction of the human operator 
with his elusive transfer function, in fact, merely brings 
a greater degree of non-linearity of control and of 
unpredictability than would otherwise have been present. 

Also, it is not always necessary for all the system 
components to be contained in the vehicle. Guidance 
intelligence will often be derived from equipment 
located elsewhere—on the ground or in other vehicles. 
Hence the current fashion to consider aircraft or 
missiles as part of an overall system. An aero- 
dynamicist is failing in his duty if he does not interest 
himself in all aspects of the overall system; e.g. an 
anti-aircraft defensive system employing interceptor 
fighters armed with air-to-air missiles will require a 
study of many more aspects than just the aerodynamic 
performance of the fighter and its missiles. These will 
include, among others, 


(a) Early warning of the approach of the target. 

(b) Aircraft scramble and take-off efficiency. 

(c) Optimum interception tactics and airborne 
acquisition of the target. 

(d) The attack manoeuvre, and the follow-up 
manoeuvre after attack. 

(ec) Performance of weapons — including their 


reliability, accuracy and lethality. 


(f} Vulnerability of the fighter to enemy defensive 
attack, 

and finally 

(g) Overall economy and logistics. 


Gone are the days when speed, for the sake of speed, 
was the be-all and end-all of fighter design! Neverthe- 
less we took up, in the middle forties, the challenge of 
the so-called sound-barrier—our sense of pioneering and 
adventure persuading us that having achieved manned 
supersonic flight, a use would be found for it. 


2. Supersonic Flight Experiments 


At the end of the war when the Miles supersonic 
aircraft project was abandoned a brake was put on the 
development, in the United Kingdom, of aircraft to be 
piloted in sustained supersonic flight. Elsewhere steady 
progress continued to be made and soon there were 
reports of successful transonic and supersonic flight in 
such research aircraft as the Bell XS-1. Meanwhile 
official policy took note of the uncomfortable trim- 
changes and loss of control power which had been 
experienced in high subsonic speed dives of some 
current conventional aircraft and confined aircraft 
work, for the while, to ambitious, and in the main, 
abortive experiments with pilotless models. 

The sad story of the experiment to air-launch 
pilotless telemetered models of the Miles aircraft 
powered by an Alpha rocket motor, from a Mosquito 
aircraft off the Scilly Isles, has been told in R & M 
2835". This was followed, beginning in 1948, by an 
equally fruitless project to ground-launch a number of 
scale models of a possible supersonic aircraft (Fig. 2), 
a still-born ancestor of the Fairey F.D.2. The aircraft 
was interesting, having 60° swept wings of aspect ratio 
3-1 and being fitted with moving-tip ailerons separated 
from the main wing surface by barge-boards housing 
aileron actuating mechanism. The parent aircraft had 
been proposed as a piloted vehicle for exploring the 
transonic régime, and the parallel pilotless models were 
consistent with the then current policy. The models 
were to have been powered by the Beta II rocket motor 
(thrust, 2,500 Ib.) to speeds in excess of M=1-5. Forty 
per cent of the 1,500 lb. all-up-weight consisted of 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


106 2 IN. SPAN 


NOVEMBER 1956 


GUIDANCE 
CONTROL 
a 
AIRFRAME AND 
AERODYNAMICS PROPULSION 
OELIVERY OF 
PAYLOAD 
FIGURE 1. 


propellant (H.T.P. as the oxidant and a mixture of 
methyl alcohol and hydrazine as the fuel) giving full 
thrust for 38 secs. The take-off was boosted by 
external boost rockets jettisoned when spent, at a 
longitudinal acceleration of 5g from a short ramp, a 
technique well understood by the Fairey Company. The 
models were fitted with an auto-pilot which would have 
trimmed them to level flight at low altitude during 
acceleration from M=0-8 to M=1°5 and during coast- 
ing, power off, from M=1-:5 to M=0°8 again. The 
length of the measured run would have been about 
20 miles. The instrumentation included, besides 
accelerometers and displacement gyros in the three 
principal planes, an incidence vane-Pitot-static assembly 
and a novel tailplane load and hinge-moment measuring 
transducer. An interesting feature of the control 
actuation was the use of electro-static clutches. It was 
hoped, by flights of models differently ballasted, to 
measure changes of trim, of the associated tail-loads, 
and of the static longitudinal stability of the aircraft 
during each transonic and supersonic run. 

It is open to considerable doubt whether this 
experiment, with the limited number of rounds avail- 
able, would have been very profitable. Success would 
have depended on the auto-pilot controlling the model 


Ficure 2. Supersonic pilotless model. 
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aircraft to execute the pre-set programme manoeuvre 
reliably, the controlling elements operating upon an 
aircraft whose aerodynamic characteristics were to some 
extent unpredictable. Granted this, the success of the 
experiment would also have depended on the satisfac- 
tory use of novel instrumentation and telemetry 
techniques. It is now known that the transonic charac- 
teristics of the aircraft would not have been ferocious, 
but the achievement of adequate component reliability 
would have remained a major problem. The project 
was stopped, before any rounds had been fired, to 
conserve effort for guided weapon development. 

Meanwhile, less sophisticated but more successful 
experiments, utilising techniques developed for guided 
weapon trials, had been proceeding at the instigation 
of Supersonics Division, R.A.E., to obtain aerodynamic 
design data for supersonic aircraft—aircraft which were 
then being hurriedly designed in an effort to make up 
the lee-way. These methods have been described in an 
R.Ae.S. Main Lecture at Boscombe Down by Hamilton 
and Hufton of R.A.E."’ It is comforting to know that 
at least two aircraft in the United Kingdom are now 
flying regularly at supersonic speeds in level flight and, 
even in climbs. 

In parallel with this work came the advent of the 
guided weapon, and with it a period of intensive 
research and development in many fields. In the 
present context we may confine our attention to the 
aerodynamic field, and particularly to supersonic 
aerodynamics. 

Ballisticians, with their gun-fired shells and 
unguided rockets could justly claim to have pioneered 
supersonic flight. In developing these devices they had 
derived much practical knowledge of drag and static 
stability. They had developed, too, comprehensive 
theories for calculating ballistic trajectories in the 
presence of spin and asymmetric thrust. But they had 
had little or no occasion to devote attention to the 
refinements of aerodynamic design, and in particular 
had not considered lifting flight. 

The guided weapon designer was the first to face 
the problems associated with the development of aero- 
dynamic lift at established supersonic speeds, and to 
face the problems of dynamic stability and control at 
these speeds. He arrived at quite unconventional 
layouts. He developed novel techniques to investigate 
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WAVE DRAG OF WINGS OF SAME as BOUNDARY OF EQUAL WAVE DRAG 


Figure 3. Wave drag of rectangular and delta wing. 


their aerodynamic properties. Perhaps his most 
valuable contribution was his introduction of the 
servo-mechanism approach to the problem of 
aerodynamic control. 


Nevertheless, there are serious gaps in our 
knowledge. We are beyond the Wright Brothers’ stage 
in guided weapons, but barely so. The art is barely 
ten years old. Some of the gaps in our knowledge 
arise from the fact that the guided weapon designer has 
often cheated. He has tried, not always successfully, to 
evade problems of transonic flight and of making a 
machine which has satisfactory flying characteristics at 
both subsonic and supersonic speeds, by accelerating 
through the subsonic and transonic ranges so fast that 
instabilities and unpredictable trim changes have 
little time available to make their presence felt. 
During this boost period he seldom calls for large 
controlled lateral acceleration demands. He has 
cheated, too, by making use of symmetric layouts in an 
attempt to make the servo-control problem easier, by 
minimising aerodynamic cross-coupling effects. Other 
obvious differences include his preference for Cartesian 
control rather than twist-and-steer polar control giving 
rise to cruciform layouts, and his preference for wings 
of very low aspect ratio (an aspect ratio greater than 2 
is uncommon in guided weapon designs, and many have 
aspect ratios considerably less than one). A less obvious 
difference, perhaps, is his use of body axes in the place 
of the more usual wind axes in studying equations of 
motion—a requirement set by the fact that internal 
instruments inevitably measure parameters relative to 
body axes. 


The philosophy of the supersonic aircraft designer 
has necessarily been different. He could not submit 
his pilots to accelerations of 40g, even for a few 
seconds. He has been faced with the problem 
of designing an aircraft which must have satisfactory 
flying characteristics at subsonic speeds, which can pass 
through the transonic régime smoothly with relatively 
small acceleration, and which can fly satisfactorily at 
supersonic speeds. His approach has been to make use 
of sweepback to alleviate the problems of transonic 
flight. Most difficulties associated with passage through 
the M=1 condition can then reasonably be expected to 
be delayed until the wing leading edge becomes super- 
sonic (at M=2 for 60° sweepback). In fact it seems 
likely that even when this condition is reached the 
transitory effects will be small, and despite the fact that 
the wave-drag of a rectangular wing is less than the 
wave-drag of a delta wing of the same thickness and the 
same lifting ability at M=2 and above (Fig. 3), many 
designers will prefer a swept- or delta-wing design for 
high supersonic speed aircraft due to its preferable 
characteristics at lower speeds. It could be argued that 
the designer of such an aircraft has reaped little from 
guided weapon aerodynamic research—little beyond his 
use of G.W. techniques for drag and stability measure- 
ments by the firing of simple models, and his use of 
available computed pressure distributions. But a 
hidden advantage has been the confidence derived from 
the knowledge that the guided weapon designer has 
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encountered few insoluble aerodynamic problems in the 
well-established supersonic régime up to M=2°5. 

There is still much to be learned. The value of a 
symposium such as this is that it helps to clarify our 
minds as to what we still require to know. The 
discussion may well suggest priorities for future 
research and for disseminating available data—a service 
of this nature is already being nobly performed by the 
R.A.E./G.W.D., and separately by the Royal Aero- 
nautical Society, who are collating available theories 
and data in the form of data sheets. 


3. Supersonic Aerodynamics—Theory and 
Practice 


What of the available theories? Subsonic aero- 
dynamics grew up largely as an empirical science. The 
late nineteenth century had seen a renaissance in applied 
mathematics which, in particular, had resulted in a 
study of the solutions of Laplace’s equation and their 
applications to physical problems. In the twenties 
classical hydrodynamics existed as a “ given”. But the 
development of aerodynamics in the twenties and 
thirties centred upon taking admittedly crude theories, 
or perhaps exact theories with crude simplifying 
assumptions, and fitting them to experimental facts. 
Practical aerodynamicists of this generation were artists, 
not scientists—and being artists they paid little heed to 
the academic prognostications of mathematicians. They 
demanded formulas and all they asked of the formulas 
was that they should “ work.” 

In the circumstances we should be happy that so 
much progress was made. Prandtl’s brilliant concep- 
tion of a thin boundary layer to which all viscous effects 
were confined made direct application of some of the 
results of incompressible inviscid irrotational flow 
theory possible. Finite wing theory, even in its crudest 
forms and with its most arbitrary assumptions as to 
the shedding of vorticity, explained experimentally 
observed variations of lifting characteristics with aspect 
ratio and gave substance to qualitative explanations of 
downwash and induced drag. 

As aircraft speeds increased the empirical approach 
continued. This was witnessed by the use, in the 
industry, in the early forties, of so-called “ compressi- 
bility corrections *"—a device to distort incompressible 
flow theory to give “ predictions” which would agree 
with new experimental results measured at high sub- 
sonic speeds. I remember, as a young physicist, in a 
down-to-earth design office, being struck by the 
similarity between the two-dimensional Prandtl-Glauert 
drag compressibility correction, and the relativistic 
increase of mass with velocity as a body approaches the 
velocity of light. This was sufficient to cause me to dig 
deeper and ask why. This personal note may be 
excused, perhaps, to make the point that an empirical 
approach is a healthy approach only if it is backed by a 
sound theoretical background—and this requires, 
nowadays, the best mathematical tools. The aero- 
dynamicist of today must be a mathematician—but he 
must, too, be an engineer. Perhaps there is a danger 
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that he is now becoming too little of an engineer and 
an artist. 

The “compressibility corrections” came as a by- 
product of theoretical work by Ackeret, von Karman, 
Busemann, Prandtl and Glauert during the lean years, 
Their work had demonstrated that, provided the motion 
of a compressible fiuid relative to a body could be 
regarded as the resultant of the superposition of a 
series of small disturbances, then the equations of 
motion were linearised, and became, in fact, mathe- 
matically analogous to the wave-equation of acoustics, 
Lord Rayleigh had, in the nineteenth century 
renaissance, corrected and extended Newton’s work on 
the propagation of pressure pulses in elastic media, and 
ready-made solutions of the linearised equations of 
motion, requiring only translation into the new 
co-ordinates, were available. This led to a trickle and 
then to a flood of computation applying the new 
analysis to more and more complicated lifting-surface 
and body combinations. This was encouraged by the 
agreement between theoretical predictions and the 
meagre experimental data available—data from a few 
very small intermittent supersonic tunnels. 

The situation was such that, towards the end of the 
war, when military thinking began to turn towards 
supersonic aircraft and guided weapons, a large body 
of unsubstantiated theoretical data was available 
predicting the aerodynamic characteristics of basic 
components at supersonic speeds. The lack of super- 
sonic wind tunnels in this country, and the justifiable 
unwillingness to use those facilities which did exist for 
ad hoc research, meant that confirmation of predicted 
design characteristics could often not be obtained before 
flight trials. In fact, early guided weapon test vehicles 
had to rely on flight trials to confirm aerodynamic 
design. This situation had an impact on design and 
on progress. 

Thus, computation of pressure distributions on 
lifting surfaces was less arduous if the sections were 
polygonal, the simplest case being wedges. So-called 
modified double wedge sections were _ therefore 
commonly used despite the spanwise ridges associated 
with them, ridges which a subsonic aerodynamicist 
would expect to cause separation troubles at high 
incidence. Ina similar way, cone-cylinder bodies and 
rectangular plan forms were also commonly used. The 
use of the latter could be justified by the fact that, by 
choice of a suitable aspect ratio, the rearward movement 
of the centre of pressure of the wings, combined with 
the reduction in its lift-curve slope with increase of 
speed, could be used to minimise the variation of centre 
of pressure position of a wing-body combination 
with speed. 

We can afford to be less conservative in design now, 
although there is still a shortage of tunnel time for 
ad hoc research. Aerodynamic design can now be 
more functional, less restricted by the unavailability of 
design data. It has been a surprise to many that 
comparatively simple theories have been so useful. 

In general terms we may say that linearised theory 
is valid at low angles of incidence for slender wings 
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and bodies at supersonic speeds which are neither very 
great (say. M not greater than 5) nor too close to M=1. 
Within this speed range, higher order and more exact 
theories are available which enable, for example, the 
effects of finite wing thickness to be considered. It is 
surprising, as well, the extent to which it is possible to 
extrapolate simple theory results beyond the regions 
over which the assumptions of the theory would be 
expected to be valid. In particular the experimental 
non-dimensional characteristics of very low aspect 
ratio wing-body combinations seem to change very little 
from very low subsonic velocities to quite high 
velocities. 

Linearisation of the equations of motion requires 
that the perturbation velocity shall be small compared 
with (i) the main stream velocity, (ii) the velocity of 
sound, and (iii) the difference between the main stream 
velocity and the velocity of sound. At transonic 
velocities the last assumption breaks down. Theoretical 
study of transonic flow so far has very largely been 
confined to two-dimensional surfaces, and to conditions 
at M=1 exactly. Useful transonic similarity rules have 
been deduced which make possible a semi-empirical 
approach to the formulation of transonic aerodynamic 
data." 

In a similar way the first two assumptions of 
linearisation together impose a condition that the free- 
stream velocity must not be too great, a condition 
which is probably best expressed by saying that the 
maximum deflection of flow due to the presence of the 
body immersed in the fluid must be small compared 
with the Mach angle of the free stream. At very high 
speeds the angle of the leading edge Mach wave 
becomes comparable with the nose angle. It follows 
that the sharper the nose the higher the speed to which 
linearised theory applies. Thus if = is the maximum 
slope of the body relative to the free stream direction, 
linear theory applies if (M*-1)<1. If (M°-1), 
or what amounts approximately to the same thing M-, is 
of the order of 1, the flow is said to be hypersonic. M7; 
can be used as a hypersonic similarity parameter, for 
any solution of the hypersonic flow problem holds for 
all flows past all geometrically similar bodies at the 
same value of Mr. This is very useful in a semi- 
empirical approach again, and hypersonic similarity 
relations are obtained comparable with  transonic 
similarity relations. 

The rule arises from the fact that if > is so small 
that terms involving 7? may be neglected, a set of non- 
linear equations of motion, involving M and 7 only as 
their product M-, are derived. It was particularly 
convenient that these equations were analogous to those 
of unsteady supersonic flow which had already been 
studied. It is worth commenting that Newton’s 
conception of fluid flow in which the fluid particles 
strike the surface and continue their paths parallel to 
the surface is very similar to the conditions obtaining in 
hypersonic flow. Newtonian flow is the limiting case 
for M—>xr.y=1. in which the slope of the nose 
shock wave is equal to the flow deflection and the shock 
wave lies along the surface. 


SUPERSONIC FLIGHT—AERODYNAMICS 701 


At hypersonic speeds the traditional approach to 
the effects of viscosity cannot be maintained—the 
boundary layer becomes comparable in thickness with 
the body, and the rapid growth in thickness near the 
nose so modifies the effective shape of the nose as to 
change the nature of the nose shock. Interaction 
between the flow in the boundary layer and the external 
flow becomes a significant factor. In particular there 
may be large chordwise variations in temperature in the 
vicinity of the nose surface. 

Further, the increase of temperature through a 
shock, and in the boundary layer, soon becomes so 
great that the air may no longer be treated as polytropic 
—so great that the statistical equilibrium between the 
various types of molecular energy becomes disturbed. 
This manifests itself as a variation of specific heat, and 
of the ratio of the specific heats, with temperature. At 
very high speeds dissociation and even orbital excita- 
tion may occur (about 2,500°K, say M= 8-5 under zero 
heat transfer conditions, for significant dissociation, and 
about 5,000°K, say M=12, for orbital excitation and 
ionisation). 

Another limitation arises from the fact that when 
the free stream velocity becomes comparable in magni- 
tude with molecular velocities, and when the boundary 
layer thickness and the body dimensions become 
comparable in magnitude with the molecular mean free 
path, it is no longer possible to treat the air as a 
continuous medium. A criterion of this is the ratio 
M?*/Re. As this ratio approaches one, the régime of 
super-aerodynamics is approached, a régime which will 
make use of much theoretical and experimental work 
of low pressure physics. In these conditions there is a 
discontinuity in temperature and velocity at a boundary 
wall. For the latter reason this type of flow is some- 
times called slip-flow. It requires emphasis that very 
low density is not the only requirement for this type of 
flow. Slip-flow is possible at relatively low altitudes 
for a body which is small enough and is travelling fast 
enough (e.g. a one-inch body would encounter slip-flow 
conditions at about 50,000 ft. at M=10). Further, it 
may be possible to construct a case in which the 
iransonic, hypersonic, and slip-flow régimes co-exist. 

These, however, are nebulous regions. What may 
be called conventional supersonic flight, is now dealt 
with for speeds up to M=4 or 5 say. 


4. Attainment of Supersonic Flight 

Such speeds are being achieved largely by advances 
in power plant design. The advent of the turbo-jet 
made supersonic flight with reasonable fuel consump- 
tion a possibility, a possibility which could be realised, 
it is true, only by careful attention to aerodynamic 
design of which the main problem was to minimise 
drag. 

The most profitable way of reducing profile drag is 
to reduce size, to increase packing density. Current 
fighter-type aircraft designs are achieving average 
packing densities of about 20-30 Ib. per cu. ft. when 
fully loaded. Densities of 40-50 Ib. per cu. ft. have 
been achieved in research aircraft. Significantly higher 
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Figure 4. Two-dimensional wave drag of aerofoils. 


packing densities have been achieved in small missiles, 
but there is a warning in the fact that, even in missiles, 
packing density seems to deteriorate rapidly as 
size increases. Nature abhors a vacuum, and 
the designer tends to spread his equipment out to 
fill his allocated space. Another obvious method of 
drag reduction is the use of thin wings and large fineness 
ratio bodies, the wave-drag in each case being inversely 
proportional to (fineness ratio)’. Similarly lifting 
surface and control surface areas should be the 
minimum practicable. Nevertheless the surface loading 
will normally be determined by manoeuvre require- 
ments, and the thickness of the surfaces by the associa- 
ted strength and stiffness requirements. It is, of course, 
important to avoid detached shocks, sharp leading 
edges and pointed noses being very desirable. This 
may be precluded by limitations imposed by carried 
equipment, and by engine entry design for air-breathing 
vehicles, the latter being a subject worthy of a lecture 
to itself. In transonic and low supersonic speed 
vehicles, consideration should be given to waisting the 
body at the wing-body junction in accordance with the 
area-rule, and to sweeping the leading edge of at least 
the main lifting surface behind the Mach cone from the 
vertex corresponding to the maximum operating speed. 

In this case there may well be an advantage in 
using rounded L.E. aerofoil sections, since the induced 
drag may be expected to be reduced thereby by virtue 
of negative pressures on the leading edge. With con- 
ventional supersonic sections the resultant lift is normal 
to the chord and the drag-due-to-lift is, therefore, C,,z, 
‘a substantial increase over subsonic induced drag. 
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There is some unsubstantiated evidence that, in missiles 
having a small wing of very low aspect ratio on a large 
body, the induced drag can even exceed C,z. Induced 
drag is as critical as profile drag. 

In designing for minimum drag some unexpected 
results are sometimes obtained. Notable among these 
is the use of blunt T.E. aerofoil sections. It can be 
shown that the solid aerofoil section of minimum drag 
for a given bending strength has a finite thickness at the 
trailing edge for thicknesses greater than 5 per cent 
(Fig. 4). The optimum thickness of the T.E. is a 
function of thickness/chord ratio, and to a small extent 
also of Mach number and Reynolds number. Less 
surprising is the fact that the optimum section has a 
smooth contour with no spanwise ridges. Significant 
drag reductions can be achieved by the use of optimum 
blunt T.E. aerofoil sections. 

In a similar way it does not always follow that the 
drag of a body will be reduced by boat-tailing, for 
boundary layer separation at the beginning of the boat- 
tail may cause a significant rise in drag. There may 
also be a considerable reduction in base-drag in engine- 
on conditions due to the exhaust jet filling up the wake 
from the base. This may be offset by a reduction of 
pressure on the annular base surrounding the jet due to 
the flow induced by it. 

There may well be plenty of surprising results 
awaiting us. There may even be a danger that having 
crossed the M=1 hurdle, the ready availability of high 
performance engines will make it possible to reach the 
next hurdles without adequately exploring the interven- 
ing range of velocities. 


5. Some Problems of Supersonic 
Aerodynamics 
Still discussing the limited field of velocities not 
exceeding M=5, the following comments are made on 
a few of the problems already being encountered in 
supersonic aerodynamics. 


5.1. AERODYNAMIC HEATING 

The subject of aerodynamic heating is mentioned 
first for many believe it to be the next hurdle to be 
crossed. It is difficult to give a reasoned account in 
this short space but an excellent summary of the physics 
of the problem at low supersonic speeds has been 
published in the R.Ae.S. Aerodynamic Data Sheets’ 
and, if higher speeds must be considered, Monaghan’s 
paper”? on the behaviour of boundary layers at higher 
supersonic speeds is worthy of study. 

The hackneyed curve is shown of equilibrium 
boundary layer temperature as a function of Mach 
number (Fig. 5). On the right is a typical result 
of an investigation into the rate of heating of 
solid aluminium alloy wings. A step-change of velocity 
from M=0 to M=3-6 is assumed at the time-origin, 
and the transient thermal response of wings of various 
thickness is plotted. The curves show that the 
equilibrium boundary layer temperature is approached 
in a matter of seconds, and that consequently aero- 
dynamic heating can be expected to be a_ serious 
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problem at speeds in excess of M=2 if the endurance 
of the missile or aircraft exceeds a few seconds. There 
are various design approaches to the problems of 
countering aerodynamic heating : — 

(i) To use materials which can sustain the high 
temperature without serious loss of strength, and to 
provide adequate material to resist the associated 
thermal stresses. 

(ii) To insulate the structure from the heat input. 

(iii) To increase radiative losses and thereby to 
reduce equilibrium temperature, 
or(iv) To circulate coolant below external surfaces, 
and to reject the heat into a sink. In connection with 
this last method it must be noted that a drag reduction 
may result from the delayed transition from a laminar 
to a turbulent boundary layer associated with extrac- 
tion of the heat from the boundary layer. 


5.2. STABILITY AND CONTROL 

A problem which has already arisen is aerodynamic 
stability and control at transonic and supersonic speeds. 
In the sense that the equations of motion of a super- 
sonic vehicle are intrinsically identical with those of a 
subsonic vehicle, one might feel that the problem is not 
difficult. Nevertheless there are some aspects which 
require comment. First, the time-scale of motions 
shrinks inversely proportional to speed, so that for a 
given aircraft size the human operator response lag and 
other internal control loop-lags become more and more 
significant as speeds increase. Again, in the transonic 
and supersonic régime there are large and rapid 
variations of the slope of force and moment coefficients, 
with speed, so that the stability derivatives contain 
significant ¢/¢ M terms which may be stabilising but 
are often destabilising, particularly of the long period 
longitudinal motion. Aeroelastic effects. which may 
be just as significant. I leave to Mr. Farrar. 

The periodic time of some oscillations may become 
so small that it may be necessary to consider the use of 
unsteady (so-called flutter) derivatives in the place of 
the more usual quasi-static derivatives. 
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There is in any case a tendency for supersonic 
aircraft to be deficient in rotary damping in each of the 
three planes. Artificial increase of n, has been common 
practice for some time in turbo-jet subsonic aircraft. 
The use of high wing loadings and small aspect ratios 
tends to make /, smaller than we have been accustomed 
to, and inadequate m,+m., has been encountered in 
some tail-less designs. Internal damping loops will 
often be a requirement for adequate stability (in the 
servo-mechanism sense of stability with minimum 
overshoot). 

Subsidiary control loops enter into the problem by 
another door too—for adequate aerodynamic balancing 
of control surfaces becomes virtually impossible at 
transonic and supersonic speeds, and control surface 
hinge-moments become so great that power assistance 
in some form must be provided. 

A working knowledge of linear servo-mechanism 
theory is becoming a vital working tool of the aero- 
dynamicist—the mysteries of transfer functions, of 
responses to step inputs, of frequency response and 
Nyquist diagrams should hold no terrors for him. And 
it is here, perhaps, that guided weapon design 
experience may be most useful. The aerodynamicist 
must not. however, fall into the common trap which 
ensnares the servo-mechanism engineer—to be so 
concerned with the stability of a system that he forgets 
that trim conditions have also to be met. 

Particular attention must be paid to the effects of 
aerodynamic cross-coupling derivatives on_ stability. 
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Ficure 6. Roll cross-coupling due to combined pitch and yaw 
on a typical cruciform winged missile of aspect ratio 2. 
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This, it might be argued, is no new thing for it 
occurs even in subsonic aerodynamics. In nominally 
symmetrical cruciform missiles, where we would expect 
cross-coupling effects to be minimised, it can still be 
a particularly thorny problem (Fig. 6). It is well known 
that in a cruciform missile, under conditions of com- 
bined pitch and yaw, large rolling moments (increasing 
as the fourth power of incidence) may be induced which 
may require large aileron power and large aileron 
deflections to trim them out. Less weli known is the 
fact that the large values of /,,=w/,—vi,. which occur in 
the manoeuvre planes in which the rolling moments are 
zero can give rise to uncontrollable divergent roll 
oscillations associated with large manoeuvres in 
these planes. 


5.3. NON-LINEAR AERODYNAMICS 

This is but one example where linear auto-control 
theory becomes difficult to apply. Another arises from 
non-linear aerodynamics shown by another example 
from our guided weapon experience (Fig. 7). 

In the interests of symmetry the rudders of missiles 
are often placed in-line with the wings, or are indexed 
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FiGurE 7. Non-linear pitching moment 
characteristics. 


at 45° to the wings. Considering the in-line case first 
(full-lines) it is seen that, in the case considered, there is 
a reduction of stability near zero incidence in both the 
#=0 and @=45° planes. In the »=45° plane the 
missile is definitely unstable at zero incidence and in 
controls-fixed flight would seek one or other of the 
stable intersections with the incidence axis. The 
situation is improved if the rudders are indexed (dotted 
lines), the unstable region occurring at fairly high finite 
incidences. In the case shown the unstable portion 
intersects the incidence axis, although this need not 
occur. The importance of this instability depends 
upon whether the incidence at which it occurs is within 
the usable incidence range. It may be noted that in 
this case there are three stable trim conditions with 
undeflected controls—this could conceivably be used as 
the basis of a very simple bang-bang control system. 
The non-linearities are, of course, associated with 
the passage of induced flow from the wing vortices over 
the tail. Prediction of the effects is made difficult by 
difficulties in predicting the extent to which the vortex 
sheets are rolled up in the vicinity of the tail, and the 
effect of mutual interactions on the four vortex systems. 


Ficure 8. Transient response to 

impulsive disturbance in the presence 

of a non-linear pitching moment 
characteristic. 
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Stability of the missile in the presence of non-linear 
aerodynamics can be discussed by point-by-point 
solutions of small perturbation equations, but these do 
not tell the whole story, as can be seen by Fig. 8. This 
shows the response of a missile such as this to an 
impulsive yawing disturbance. The non-sinusoidal 
nature of the resultant motion is obvious. Non-linear 
auto-control theory, or better still, analogue computors 
or simulators with provision for non-linear function 
inputs would appear to be the only possible approach 
to a complete theoretical solution of the problem. 


6. Conclusion 

In this sketch I have made no attempt to survey the 
methods of theoretical supersonic aerodynamics. | have 
tried rather to throw up some of the practical problems. 
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1. Introduction 


Few aeronautical engineers would disagree that the 
development of new propulsive systems has been the 
main influence responsible for the achievement of super- 
sonic flight. This is not the same thing as claiming 
that sustained flight at these speeds, over fairly long 
ranges and with reasonable economy, would ever be 
possible without correspondingly large contributions 
from the aerodynamicist, the structural engineer, and 
the designers of various equipment. However, if we 
had been limited for all time to the piston engine/ 
propeller power plant almost universally employed 
during the first 40 years of heavier-than-air flight, it is 
unlikely that we should ever have exceeded a Mach 
number of one. 

All progress towards these very high flight speeds 
has been characterised by four broad general trends: — 

(i) The use of power plants of lower specific weight 
and size, and higher specific consumption, in 
terms of thrust output. (This statement as regards 
consumption is not necessarily synonymous, as 
often supposed, with low efficiency. The concept 
of efficiency is based on considerations of energy 
or power, not of a force such as thrust. At 
extremely high flight speeds, a given thrust repre- 
sents a correspondingly large amount of useful 
propulsive work, so that high efficiencies are quite 
possible; this point will be amplified later.) 

(ii) The need, dictated by the aerodynamic character- 
istics of the vehicle, to provide large thrusts at 


increasingly greater heights, where- high speeds 
are easier to attain. 

(iii) The need for closer integration, for one reason or 
another, of the power plant with the airframe, if 
the desired overall result is to be achieved. 

(iv) The appearance of an increasingly large number 
of alternative power plant types, or combinations 
of types, from which the vehicle designer has to 
choose. 

This introductory review discusses these trends. In 
the time available, it is impossible to do justice to all 
the complex considerations involved—merely to high- 
light some of them. It is hoped that the paper will be 
accepted on such a limited basis. 

Almost everything said will be applicable either to 
unmanned guided missiles or to piloted aircraft, which 
increasingly acquire the characteristics of man-guided 
missiles. Unmanned vehicles, for a number of reasons, 
tend to be required to fly at higher speeds and altitudes 
than even their most advanced contemporaries with 
human crews. It is easier for them to do so, relieved 
of the limitations imposed by requirements for human 
survival. It is desirable for them to do so—to reduce 
risks of interception in the case of offensive types, and 
to improve the chances of interception (by reducing the 
time that it takes) in the case of defensive types. For 
these quite elementary reasons, ram-jets and rockets 
tend to be the “‘ natural” power plant choice for most 
guided missiles. 

The question of cost, as affecting missile propulsion 
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systems, once tended to be emphasised more than it 
deserved. The paramount need for achieving almost 
100 per cent efficiency in the interception of nuclear 
weapons is surely obvious to all; without it, there is 
little real point in any defensive measures. Conversely, 
the delivery of an extremely expensive nuclear warhead 
deserves the provision of an optimum vehicle, almost 
regardless of cost. Neither of these considerations of 
reliability and effectiveness encourage the philosophy of 
‘*“cheap and nasty” power plants. 

However, the guided missile may not need to operate 
over such a wide range of conditions, with reasonable 
efficiency, as its piloted counterpart. It may, for 
example, be satisfied with much less thrust control from 
its engine, which is also unlikely to be required to stop 
and re-start in flight. This will usually simplify the 
detail design. The shorter total operating life will ease 
stressing conditions based on creep and fatigue, but 
these considerations are often more likely to be absorbed 
in producing units of lighter weight than as an excuse 
for using cheaper materials, shoddy construction, or 
crude design. 


2. Comparison of Power Plant Types 


Many papers have already appeared comparing the 
performance of those types of power plant which are 
in general suited to supersonic flight-—namely the turbo- 
jet in all its variants, the ram-jet, and the rocket (for 
example, see Ref. 1). It cannot be too strongly 
emphasised that the altitude at which such comparisons 
are made greatly affects the nature of the conclusions, 
more especially as regards the competing claims of air- 
breathing and rocket engines. 

Figures 1, 2 and 3 indicate roughly the general 
trends, and possible future values, of the most important 
(consumption and total weight) parameters, for what 
are considered to be typically interesting operational 
conditions. The turbo-jet curves are intended to be 
representative of likely future designs of the “ simple” 
or “straight jet” variety. Variants employing some 
form or other of afterburning will, in general, have 
characteristics lying between those shown and those for 
the ram-jet. The immediately obvious inference is the 
limitation of the rocket to relatively short operational 
times, but its increasing usefulness at higher altitudes. 

A point relevant to any air-breathing engines and 
which deserves the greatest possible emphasis, is the 
increasing importance of the design of their air intakes 
and exhaust exits. As speeds rise into the highly 
supersonic region, variable intakes and variable exits 
(changing from convergent to convergent-divergent, with 
varying throat area) must become the order of the day. 
The cybernetics of their associated fuel control systems 
will also afford plenty of scope in the fields of electronics 
and servo-mechanisms. (The electronics specialist will 
also have to make a big contribution in connection with 
the computors which will become quite essential for 
design and operational calculations, and with the 
necessary test equipment for actual engines.) It would 
hardly be an exaggeration to say that the design 
importance of all these components, which in the past 
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CLEAVER 
have tended to be regarded as mere ancillaries, will 
begin to overshadow that of the actual engine in between 
the intake and the exhaust. Or rather, it would be truer 
to say that the “engine” must in future be regarded 
as the whole assembly, and not just as its mechanical 
components: this is easy to appreciate in the case of 
the ram-jet, which consists of little else but such aero- 
thermodynamic features. 

Certainly the designer of any highly-supersonic air- 
breathing vehicle would be well-advised to provide it 
with forward intakes swallowing air unaffected by other 
airframe components, and thereafter not to try and 
persuade this air to flow through any tortuous ducts. 
As an extreme example, at a Mach number of 2°5 a 
good intake (which should be realisable in practice) 
compared with a bad one may result in 80 per cent 
increase in thrust for a given frontal area and 15 per 
cent reduction in specific consumption. 

Another important aspect of air-breathing engines 
for supersonic flight concerns their testing. It can no 
longer be regarded as satisfactory to confine this to 
simple static test beds, or to airborne ones of mediocre 
performance, either for confirmation of thrust and 
consumption, or proof of their structural and mechanical 
soundness. For example, a compressor of 6:1 ratio 
might accept air at 14-7 Ib./in.* and 15°C. at sea level 
static, and discharge it at 88 Ib./in.° and 242°C. The 
same unit, in flight at a Mach number of 2:5 and 
36,000 ft. might have intake conditions of 41 1b./in.* 
and 216°C., and at discharge, of 145 Ib. /in.* and 464°C. 
—representing much more arduous stressing consider- 
ations. 

Expensive and elaborate ground testing facilities, 
capable of feeding the engine with air at pressures, 
temperatures and velocities covering a wide range, will 
therefore be necessary if adequate development is to be 
carried out. Alternatively, or in addition, special flying 
test bed aircraft will need to be provided. These 
requirements are most marked of all, of course, in the 
case of the ram-jet, the inherent simplicity of which is 
highly deceptive as regards development effort. The 
rocket, with its independence of speed, and its simple 
performance relationship with altitude, escapes these 
testing demands, although other complicating consider- 
ations arise in connection with the supply and handling 
of its special propellants. 

In discussions of the present kind, it is also usual 
to show comparisons on a basis of thrust per unit 
frontal area, and specific weight. These are available 
in many excellent previous references (e.g. again see 
Ref. 1, and also, Ref. 4), but are rather less clear-cut 
than for those already made in Figs. | to 3. Along 
with much that has already been said, they emphasise 
the growing integration of the power plant with the 
airframe—or at least, the growing need for this. 

In the matter of net thrust per frontal area, for 
example, it can be said that turbo-jets even without 
reheat should achieve values of well over 600 Ib. /ft.* 
at about M =2°5, at 50,000 ft., and ram-jets well over 
1,000 Ib./ft.2, or even over 2,500 Ib./ft.2 at M=3-5, 
and the same height. But what can be said about their 


specific weight? Even for the turbo-jet, the weights for 
variable intakes, reheat tailpipes and variable nozzles 
may eventually be nearly comparable with the engine 
itself. In external podded installations, all this weight 
of ducting, and so on, is really chargeable to the 
propulsive system (whether the engine manufacturer 
calls it an “‘ engine” or not). For internal installations, 
some of it may be inextricable from the airframe weight. 
Once again, the trend is most obvious with the ram-jet: 
consider, for example, the French Leduc aircraft, in 
which the whole fuselage is really a ram-jet duct. 

The large volumes occupied by all the duct work 
on any supersonic air-breathing engines may, in future, 
dictate the development of new fuels of high energy and 
density, because of airframe stowage considerations. 

The figures for thrust per unit frontal area and per 
unit weight for a rocket engine, especially if specified 
at great heights, are so high that they are often quoted 
with pride by rocket enthusiasts. However, they are 
offset by the corresponding figures for the weight and 
volume of propellants which need to be carried, so that 
the former quantity at least (for thrust per unit frontal 
area) becomes almost meaningless. On the credit side, 
stowage of all the rocket propellants in a body of 
optimum aerodynamic form is easier, because no intake 
ducts or long tailpipes compete for the available space. 
Also, structural design is often aided by the consider- 
ation that many of the manoeuvring loads are not 
experienced until the greater part of the propellant 
weight has been consumed. Once again, the only valid 
comparison is on an overall basis, of the performance 
of a specially-designed vehicle. 

Figure 4 illustrates the fact, already mentioned, that 
the actual overall efficiencies of these high-consumption 
supersonic power plants are very good. The thermal 
efficiency of the air-breathing engines is of course 
improved at the higher speeds by the higher pressure 
ratios, resulting from ram compression, at which they 
are working. (At M=2°:5, for a typical turbo-jet this 
may be as high as about 45, as compared with 15 
for a typical automobile engine. The corresponding 
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theoretical ideal (air standard) cycle efficiencies are 66 
per cent and 54 per cent, although of course the actual 
thermal efficiencies are only about half these values). 
In the case of the rocket, the thermal efficiency (defined 
as the ratio of exhaust kinetic energy to input chemical 
energy) is always quite high—in fact for a good 
peroxide /kerosine engine the actual value is over 40 per 
cent. In all the cases shown, the Froude or propulsive 
efficiency of course improves as the flight speed is 
increased. 

Figure 5 illustrates an important characteristic of 
the air-breathing engines, namely their thrust increase 
with forward speed. Within the limits shown, it is 
clearly possible that a higher Mach number might be 
sustained, if it were first possible to attain it without 
running out of fuel in the process. 

The remarks which follow refer to particular engine 


types. 


2.1. TURBO-JETS 

To minimise their frontal area, it is unlikely that 
any supersonic turbo-jets will ever use other than axial 
compressors, but apart from this condition, their design 
specification may vary within considerable limits. This 
issue is further discussed under Section 4.0, but for the 
present three particular points need to be mentioned. 

First, as speeds increase farther into the supersonic 
region, with consequent increase in the available ram 
air compression, so the optimum mechanical compres- 
sion ratio must decrease. Competing considerations of 
weight, frontal area, performance at subsonic flight 
conditions, and so on, will influence the absolute value 
finally chosen, but the over-riding tendency remains. 
Thus, if compressor static pressure ratios of 9 to 15 are 
adopted for subsonic engines, the values for supersonic 
types may be only half these. 

Secondly, this greater degree of ram compression is 
inevitably associated with a corresponding rise in air 
temperature, and with higher working temperatures and 
pressures generally. Thus, in the mechanical and 
structural design of future supersonic turbo-jets, there 
must be a trend in the direction of aluminium to 
titanium to steel for “cold”’ engine parts (e.g. com- 
pressor blades, casings, and so on), and to materials such 
as molybdenum, refractories, or the use of air or liquid 
cooling, for turbine blades and discs. (See Ref. 2.) 

Finally, the ram air temperature rise must eventually 
impose an upper limit on the flight Mach number at 
which a turbo-jet can be used. At about M-=2°5, for 
example, the air discharged from the compressor into 
the combustion chamber might have a temperature of 
well over 450°C., before any further heat was added 
by burning fuel. In the reductio ad absurdum case, 
since the final gas temperature must be limited to the 
value the turbine can accept, one would be burning fuel 
merely to run the turbine to drive the compressor, just 
making up the losses in these two components without 
adding anything to the useful propulsive effort. The 
whole complex mass of rotating machinery would then 
be carried merely to meet the take-off, climb and 
acceleration requirements: for the design flight 
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Figure 5. Engine thrust relative to thrust at M=2:5. 
(Air-breathing engines with variable geometry.) 


condition, one would have been better off with a ram-jet 
or some other propulsive system. 

Even assuming that gas temperatures at turbine inlet 
will eventually not be limited to less than 1,200°C., one 
might still guess that the limiting Mach number for 
useful turbo-jet propulsion will not greatly exceed 3-0. 


2.2. RAM-JETS 


Because they incorporate no hot highly stressed 
internal components, such as turbine blades, the limiting 
Mach number for ram-jets should be substantially 
greater than for turbo-jets. The ram air temperature 
rise does not reach 1,000°C., for example, until a Mach 
number of about 5-0, still leaving some margin for 
further heating by combustion. One might therefore 
reasonably conclude that ram-jet propulsion may be 
practicable up to flight Mach numbers of about 4-0. 

On the other hand, ram-jets may be slightly more 
limited in altitude operation than turbo-jets, because 
of the flame extinction limits imposed by absolute air 
pressure. 

In any case, it is perhaps unlikely that any air- 
breathing engine will ever operate much above 100,000 
ft.. whatever its speed, from overall considerations of 
both engine and airframe weight. 

The ram-jet is more critical of its operating con- 
ditions than any other engine type, working efficiently 
only within a smaller band around its design point, 
even with all reasonable aid from variable intakes, exits, 
and so on. The extreme illustration of this is the fact 
that it can obviously never be self-sufficient as regards 
take-off and subsonic acceleration, and must always be 
used in some form of ** mixed power plant ”’ installation. 
(Cf. Section 3.0.) 

This limitation has some bearing on its possible use 
for piloted aircraft. Not only would these need some 
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other form of power plant for take-off, climb, and 
acceleration, but also to meet the requirements of stand- 
off and baulked landing, uniess it were acceptable to 
bring them in as pure gliders. (For comparison, pure 
rocket aircraft would not be inherently so limited, 
although they might well be by practical considerations 
of propellant capacity). 


2.3. ROCKETS 

It might be argued that one should never use a 
rocket unless one had to, because of the added compli- 
cation and risk of carrying not only a fuel but also (in 
close proximity) an oxidant, with which to burn the fuel 
and release its energy. The rocket, by definition, needs 
to do this, unless the propellants are already combined 
as a mono-propellant, which amounts to much the same 
thing. However, by using rocket propulsion it is possible 
to achieve results unobtainable in any other way, for 
the ability of this type of power plant to generate high 
thrusts for a small size and weight is unrivalled, 
especially at great heights. As for the additional risks, 
with careful design, thorough development and proper 
operation, they can be reduced to negligible proportions. 

From the point of view of ease and convenience in 
field handling, solid propellants are superior, although 
they usually have the disadvantages of high cost, and 
are also incapable of thrust control. More fundament- 
ally, the empty weight of solid rockets becomes excessive 
for long burning times, so that in practice their use is 
always likely to be limited to expendable applications 
(for missiles and aircraft A.T.O.) of not much more 
than 60 seconds duration, and in most cases nearer to 
10 secs. Similar considerations of fixed weight limit 
rockets fed from fully-pressurised liquid propellant 
tanks to burning times not much in excess of the solid 
types, so that for sustained supersonic flight the variant 
of greatest interest is the liquid propellant engine with 
turbo-pump feed. The biggest single problem in its 
development, among many, is probably that of chamber 
cooling, since gas temperatures of 2,000 to 3,000°C. or 
more have to be handled. The solution to this is 
possible only by reason of the high propellant flow rate, 
on a regenerative scheme. 

For all types of rockets the main consideration 
involved is the high propellant consumption for a given 
thrust, and vehicle performance is very sensitive to even 
small improvements in it. As we have seen, it arises 
mainly from the need to carry oxidant as well as fuel: 
only at low speeds, where the Froude propulsive 
efficiency is poor because of the extremely high exhaust 
velocity, is there any question of inefficiency in a literal 
sense. 

The main influence on rocket performance, and 
indeed on any other aspect of their use, is propellant 
choice, and here different considerations apply for 
different applications. Propellant cost, availability, ease 
and safety of handling and storage, combustion temper- 
ature, ignition difficulty, performance, toxic and 
corrosive properties, density for stowage, and many 
other qualities, are always important, but to relatively 
different degrees in different cases. Usually, the greatest 


problem is posed by the choice of oxidant, since fuels 
such as kerosine or gasoline are for most applications 
hard to improve upon, except from certain specialised 
aspects. 

Thus, for a manned operational supersonic aircraft, 
or for a tactical missile, the bi-propellant combination 
of kerosine and concentrated hydrogen peroxide would 
be a good choice. With it, a net sea-level specific 
impulse, or specific thrust (Ib. thrust /Ib. propellant /sec.) 
of at least 210 secs. should be achieved, rising by some 
13 per cent at 50,000 ft. (as shown on Fig. 1), or 15 per 
cent (to 240 secs.) in vacuo. 

Future development, towards higher chamber 
pressures and improved partial efficiencies, could 
increase the in vacuo figure to about 260 secs., but it 
is fundamental that further gains are likely only from a 
change in propellants. Because the considerations 
dictating their choice vary for different applications, as 
already stated, such a change is more practicable for 
vehicles such as strategic ballistic missiles, or other more 
ambitious long-range rocket craft, such as Sanger’s 
wartime project of a rocket bomber with global range.“ 

The intercontinental ballistic missiles (I.C.B.M.s) may 
be expected to start their development burning kerosine 
or gasoline with liquid oxygen, at specific impulses of 
about 240 secs. at sea level, or 280 in vacuo. By 
further engine development and the use of such fuels as 
hydrazine or hydrogen, and with oxygen, ozone or 
fluorine (or mixtures of ozone or fluorine with oxygen) 
as oxidant, these performances could be increased by 
between 15 and 50 per cent. The highest performance 
of all would be given by liquid hydrogen—415 secs. 
in vacuo with oxygen, or 430 secs. with fluorine, in a 
rocket engine of the highest conceivable efficiency. The 
possible importance of hydrogen as a future rocket fuel 
for such applications should therefore not be under- 
estimated, although its extremely low specific gravity of 
0:07 introduces serious difficulties in the construction 
of lightweight tanks. 

This, however, is about as far as the chemical rocket 
can be taken, in the direction of reduced consumption. 


3. Mixed Power Plants 


In supersonic flight, our essential problem is that of 
extending the speed and altitude range of our vehicles. 
It is not surprising, therefore, that a very promising 
line to follow should be the mixing of totally different 
types of power plant in one aircraft or missile, so that 
one kind of engine or another becomes, as it were, the 
dominant partner, as the flight conditions vary widely. 
(See Refs. 3 and 4.) At any given time, one or other, 
or all of them, may be operative: our marine colleagues 
have been following this practice for years, especially 
in submarines, which of all sea-going vehicles have to 
operate over the widest band of conditions. 

Almost all guided missiles employ this principle, for 
nearly all use rocket boost at take-off, whether or not 
their main sustainer motors are of the rocket variety. 
Rocket-assisted take-off for aircraft is also coming into 
increasing use, and the extension of this kind of compact 
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auxiliary power to provide climb assistance for inter- 
ceptors is an obvious one. 

Of even more fundamental importance is the concept 
of using rocket engines to supplement the failing power 
of air-breathing types at extreme altitudes, and so to 
obtain, at least for short periods, very high speeds and 
rates of climb under these conditions especially. Ability 
to manoeuvre and accelerate can thereby also be vastly 
improved, as reference back to Fig. 5 will indicate. 
Especially at great heights, the margin of thrust over 
drag for acceleration will normally be small, for the 
curves of both quantities will have very similar shapes, 
but if this margin is temporarily supplemented by extra 
rocket thrust, the air-breather may be able to sustain 
the higher speed once it has been reached. (See Ref. 1.) 

We have already noted that the ram-jet, inevitably, 
must be a partner in some mixed power plant instal- 
lation, in association either with rockets or with turbo- 
jets. 


4. Hybrid Power Plants 


The alternative to mixing the power in the airframe 
is to mix it in the engine itself. For subsonic operation, 
the Wright Turbo-Compound and the Napier Nomad 
are examples of what is meant. With its residual jet 
thrust, so is every turbo-prop. Even in the supersonic 
field we have already mentioned such hybrids, at least 
by implication. The Americans sometimes call a turbo- 
jet with afterburner, or reheat in its tailpipe, a “* turbo- 
ram-jet.””. This one of those happy occasions on which 
trans-Atlantic terminology, so often cumbersome, is 
extremely descriptive, for that is exactly what it is. 

The possibilities do not end there, for we must 
remember that, in the immediate post-war years, Sir 
Frank Whittle’s proposal for the Miles M.52 supersonic 
research aircraft (subsequently abandoned) was a Power 
Jets ducted fan engine with reheat. We currently think 
of the by-pass turbo-jet (in American, ** turbo-fan”’) as 
fitting in between the turbo-prop and the pure turbo-jet. 
However, a turbo-fan with high by-pass flow and after- 
burning in its fan duct might be regarded as a 
compressor-assisted ram-jet: it could be a_ strong 
contender for supersonic honours. 

A relatively old proposal is the combination of a 
rocket and a ram-jet, now usually called a ducted rocket, 
or ram-rocket. Apart from the “* cold” thrust augment- 
ation from the induced air mass flow, the idea would be 
to contrive a still-inflammable rocket exhaust, which 
could be burned with atmospheric air in the ram-jet 
component. Such a scheme was considered by the 
Germans,’ who in fact overlooked very few such 
possibilities in their wartime aeronautical renaissance. 

For example, they also considered (see Ref. 5) a 
possibly more important hybrid, the air-turbo-rocket. 
The American firm of Aerojet has recently announced*’ 
the actual construction of such an engine. It consists, 
essentially, of a modified turbo-jet in which the com- 
pressor is driven by a turbine running on rocket-type 
propellants. The compressor air efflux is then burned 
in a tailpipe, with fuel injected by auxiliary burners, 
and/or with the turbine exhaust. The power of the 


turbine is thus independent of altitude and the whole of 
this component is also no longer subject to the temper- 
ature limitations introduced by a high flight Mach 
number. It is also possible to produce an engine in 
this way which has characteristics, as regards specific 
weight, consumption, thrust per unit frontal area, or 
thrust variation with altitude and forward speed, in 
between those of the turbo-jet and the rocket. The 
actual values can be altered, simply by varying the 
proportions of the individual components. 

One can also conceive “convertible” engines—a 
reheated turbo-jet, for example, which became a pure 
ram-jet at the highest flight speeds. 

The question as regards all such hybrids is whether, 
after going to all the trouble of developing them, one 
would get the best or the worst of both worlds. The 
answer, as always, would almost certainly depend on 
the application. Sometimes one would get one, some- 
times the other—and sometimes it would be possible to 
do equally well with either a mixed power plant or a 
hybrid installation. 


5. More Futuristic Possibilities 


Of these, there are several worthy of mention, at 
least to stimulate further discussion: — 


5.1. NUCLEAR POWER 


The advent of a source of energy potentially some 
million times greater than that obtainable from the 
combustion of chemical fuels might be thought to have 
an obvious application to supersonic flight, which above 
all requires the use of high powers. In due course, it 
surely will be so, but for the present there is a catch 
in tt. 

Nuclear power units as we know them today, and 
for the immediate future, employ fission reactors which 
must Operate at low or moderate temperatures, have 
extremely difficult heat exchange problems in converting 
their output from nuclear to thermal energy, and 
demand great weights of shielding around them 
for human survival. The last requirement is at least 
mitigated for missiles, for not all the shield weight need 
be airborne. However, all these factors are more 
conducive to the production of a large, relatively slow 
aircraft--even one powered by turbo-props—than they 
are for supersonic flight. 

Nevertheless, the basic form of a nuclear aero-engine 
can already be visualised. It would follow the lines 
already emploved for stationary power plants, or ship 
propulsion. That is, the nuclear reactors would heat up 
a working fluid—the air flow through a turbo-jet, for 
example. It might even be the reaction mass flow 
through a rocket engine: ideally, hydrogen, with the 
lowest molecular weight of any material occurring in 
nature. If this could be heated in such a manner, to 
temperatures comparable with those currently employed 
in chemical rockets, then specific impulse of the order 
of 1,000 secs. would result, although such a combin- 
ation is admittedly, on present knowledge, horrifying 
to contemplate. 
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5.2. SEMI-BALLISTIC FLIGHT PATHS 

It is already true that dynamic effects cannot be 
neglected in aircraft performance calculations—the 
effects of inertia, acceleration, and stored kinetic energy. 
The fastest aircraft of all—the American rocket-powered 
research types—have no steady top speeds, with thrust 
balancing drag; they are still accelerating when they run 
out of fuel. The ‘mass ratio” of the vehicle (i.e. the 
ratio of its weights with and without fuel) has become 
a very important parameter. 

The 1.C.B.M.s of the next decade, with their velo- 
cities approaching 15,000 m.p.h. (a Mach number of 
20 on atmospheric re-entry) will follow pure ballistic 
trajectories to minimise the risk of interception. How- 
ever, for some other missile types, and possibly for some 
piloted vehicles, it might be worthwhile to consider the 
possibilities of ** boost-and-glide”’ flight plans, in which 
the vehicle would be accelerated to a very high speed 
ballistically and thereafter would, in effect, trade 
potential and kinetic energy for range, with some help 
from aerodynamic lift. Such a procedure was envisaged 
during the war for the A.9/A.10 missile at Peene- 
miinde, by Sanger. and more recently by Dornberger 
at Bell Aircraft in the U.S.A.%: 7°)" 

Any consideration of such proposals soon raises 
some interesting paradoxes, notably introduced in con- 
nection with ballistic rocket flight. On any logical 
definition of an energy efficiency, it can never exceed 
100 per cent: so, if one calculates the ratio of the 
final kinetic energy of a vehicle to the input chemical 
energy used to accelerate it to its final velocity, this can 
never exceed unity. However, the instantaneous useful 
thrust power (thrust x velocity) of a rocket can exceed 
the simultaneous input flow of fuel energy (calorific 
value x total mass flow of propellants). The explanation 
lies in the stored kinetic energy of the propellants before 
combustion; this is not directly utilised in doing useful 
propulsive work, but it passes through the system and, 
as it were, balances the energy budget, so it must be 
considered in any valid definitions of propulsive and 
thermal efficiencies. 


5.3. USE OF AERODYNAMIC HEATING, ETC. 

It is obvious to consider fuel-cooling of the surfaces 
of a vehicle at high supersonic speeds, and to regard 
this as a regenerative process, contributing to the propul- 
sive effort, as for the cooling of a rocket combustion 
chamber. However, Ref. 10 demonstrates that, at 
least in theory, sustained flight is possible by just such 
a means. 

Once a certain speed has been reached, the aero- 
dynamic heating of a suitable working fluid (such as 
hydrogen), and its subsequent expansion through a 
propulsive nozzle, could maintain that speed, or even 
increase it for a time. This is not perpetual motion: 
once again, the overall ratio of the final vehicle kinetic 
energy to the total chemical energy input cannot exceed 
unity, but the answer to the apparent paradox of the 
sustained speed is in the chemical energy already 
expended to attain this in the first place, and stored in 
the mass of the vehicle and its contents. 

A more valid example of getting something for 


nothing is to be found in recent American proposals 
to sustain hypersonic flight at altitudes of around 
300,000 ft. by utilising the energy of re-association 
of the naturally-occurring mon-atomic oxygen layer 
(0+0—+>0.), by catalytic action in a propulsive duct. 
Once again, the principle of conservation of energy is 
not violated, but in practice it seems doubtful whether 
the thrust so generated could be usefully large. 


6. Conclusions 

In a paper mainly intended to lead to further discus- 
sion, it is perhaps questionable whether conclusions are 
called for. However, the following are offered as being, 
perhaps, sufficiently provocative to justify inclusion: — 

6.1. Propulsive systems of one sort or another are 
practicable for flight at M=4-0 at least, or even at 
speeds very greatly exceeding this if rocket propulsion 
is used. 

6.2. For flight at speeds between M=2-0 and 4-0, 
increasing emphasis in the development of air-breathing 
engines will be thrown on to the aero-thermodynamic 
components such as intakes and exits, rather than the 
purely mechanical ones, although their problems will 
also greatly increase in severity. 

6.3. For flight at the highest speeds and altitudes 
of all, there must be an increasing scope for the rocket 
engine. 

6.4. Of the confusing profusion of possible super- 
sonic power plants, it may well be that only some of 
the practical possibilities will actually be developed. 
The greater need for certain particular applications, and 
the availability of adequate development resources, 
rather than potential practicability, will often be the 
deciding factor. 
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1. Introduction 


The main factors determining the shape of a 
supersonic aeroplane or missile are aerodynamic in 
origin. However, as always, a compromise with 
structural considerations must be achieved, zero wing 
thickness for supersonic aircraft being just as unattain- 
able as infinite aspect ratio for subsonic ones. 

This compromise is more far-reaching in the 
supersonic aircraft because of the much _ greater 
importance of aeroelasticity. 

In addition, there are entirely new problems which 
arise from the high structural temperatures attained in 
supersonic flight. 


2. Conditions Imposed on the Structure by 
the Aircraft’s Shape 


The wings and tail surfaces are now thin and of low 
aspect ratio. (They may or may not be swept.) The 
body is long. 

Some of the structural parameters are compared in 
Table I for hypothetical supersonic and _ subsonic 
aeroplanes. 

It is of interest to note that if the skin constitutes the 
same fraction of the weight of bending material, the 
wing torsional stiffness criterion 


Me 


will be much the same in both cases. 

The great increase in value of the structure loading 
parameter at the wing root means that over much of the 
wing the structural surface can be stabilised up to a 
compression stress close to the proof stress of the 


TABLE I 
Subsonic Supersonic 
Wing aspect ratio A 6 4 
thickness/ chord 
ratio t/c 10 per cent 4 per cent. 
Wing loading w 50 1b./sq. ft. 100 Ib./sq. ft. 
Body fineness ratio 8 15 
Lowest natural frequency | 
n 10 cycles /sec. 6 cycles/sec. 
Corresponding frequency | 
parameter wcec/V 0°6 0-12 
Depth of wing root D 8 in. 4 in. 
Wing root end load/inch | 
P 5,000 1b./in. 10,000 Ib./in. 
Structural loading | 
parameters: 
50 x 10° 300 x 108 
P/D | 625 2,500 


(inch pound units, 
where t,=rib 
ness) 


material used. Fig. 1 shows the relative merits of 
various types of structure for the subsonic type wing", 
where there remains a clear advantage (on a weight for 
strength basis) in using skin-stringer-rib construction. 
For the loading parameter appropriate to the super- 
sonic wing this advantage has become negligible, and 
when the reduced thickness is allowed for it is found 
that the dimension of a stringer would become compar- 
able with half the wing thickness. 

Skin-stringer construction is therefore abandoned in 
favour of face-to-face stabilisation of the wing by 
multiple spars, or sandwich construction with a 
reduced number of spars. This will be seen to have 
other advantages from the point of view of aero- 
elasticity. 

Similar considerations apply to the tail surfaces. A 
further obvious consequence of the aircraft shape is that 
the wing may no longer be thick enough to accommo- 
date the structure of the retracted undercarriage, which 
will then have to retract into the body. 

Wave drag considerations weigh heavily against any 
structural protuberances, although the thickness of the 
boundary layer towards the rear of the aircraft may 
permit some relaxation of this restriction. 

3. Conditions which Structural Considera- 
tions Impose on the Aircraft’s Shape 
Foremost in importance is aileron — reversal. 
Orthodox ailerons can be made effective at supersonic 
speed only by a prohibitively high wing torsional 
stiffness in the lower altitude range, and various 
expedients are likely to be adopted to mitigate this. 

In order of increasing aeroelastic effectiveness (and 

also increasing difficulty!) they are: — 
(i) inboard ailerons, 

(ii) horn balance, 

(iii) all-moving tip. 

The inboard aileron is a simple expedient already 
used on at least one transonic aeroplane. It may be 
possible to revert to normal ailerons at lower speeds, 
when the inboard ailerons can be deflected symmetric- 
ally and used as flaps. 

Figure 2 shows the estimated effectiveness of 
inboard and outboard ailerons on a possible aircraft. 
The inboard ailerons’ effectiveness is less at low speeds, 
but this is more than offset by reduced wing distortion 
which results in higher effectiveness at high equivalent 
air speed (E.A.S.). 

The horn balanced aileron is a_ half-way step 
towards the all-moving tip which can give greater 
effectiveness at subsonic speeds than the latter. 

If flight at very high stagnation pressures is required 
there is little alternative to using the all-moving tip and 
accepting possibly reduced aileron effectiveness at low 
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Ficure 3. Body bending flutter. 


speeds. If subsonic conditions need not be considered 
(as in some sorts of guided missile) this is the natural 
choice. 

Similar considerations apply to the elevators. In 
addition to loss of control power due to reversal effects, 
an orthodox type elevator control can also be aero- 
dynamically inadequate at supersonic speeds, and an 
all-moving tailplane satisfies both requirements. Even 
so, body bending can greatly reduce its effectiveness. 

Chordwise distortion of wing and control surfaces is 
important at supersonic speeds, and there is a danger of 
“corner divergence ” in which the leading edge part of 
the tip peels back in a mixture of chordwise bending and 
wing torsion. The tendency is aggravated at transonic 
speed by the accumulation of lift in this area which 
occurs even on a rigid wing. The expedient of sweep- 
ing back the tip portion of the leading edge gives a 
simple solution to the aeroelastic problem and may also 
help the aerodynamicist to obtain good transonic 
characteristics. 


4. Conditions Imposed by the Environment 


4.1. FLEXURE-TORSION FLUTTER 

It is a well known fact that as the Mach number 
increases from low subsonic values the critical torsional 
stiffness for the prevention of flexure-torsion wing 
flutter increases. On unswept wings, the transonic 
region is the most critical until high supersonic speeds 
are reached, i.e. the critical stiffness at M=1-0 will 
suffice to prevent flutter at speeds up to approximately 
M=2-0. The exact turning point depends on the 
particular wing under consideration. 

On swept wings, the effect of sweepback is to reduce 
the critical stiffness at subsonic and transonic speeds, 
but the maximum value of critical stiffness may occur 
at a supersonic speed. This maximum value may also 
be greater than the corresponding maximum value of 
critical stiffness for a similar unswept wing. Similar 
comments apply to a delta wing, in which the leading 
edge sweep and the high taper ratio help to increase 
the flutter speed. 
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With the advent of sweepback supersouiic 
speeds, two more types of flutter in the flexure-torsion 
category have been found. The first is the pure bending 
flutter of swept wings, which is not encountered on 
unswept wings. Bending flutter, which can be 
considered as a limit of flexure-torsion flutter, occurs 
mainly on heavy wings or on wings at high altitude and 
requires an increase in bending stiffness to prevent it. 
Thus on swept wings, it is not sufficient to consider 
only torsional stiffness as a means of preventing flutter. 

Also in the flexure-torsion category comes the single 
degree of freedom torsional flutter at low supersonic 
speeds. Theory shows that the torsional aerodynamic 
damping derivative, — Mz, may become negative at low 
supersonic speeds (M = 1-2) thus leading to an instability 
in a pure torsional mode. 

Flutter of this type is particularly likely for high 
aspect ratio, low thickness/chord ratio and low values 
of the frequency parameter. It is not known to have 
been met on British aeroplanes yet, but has been met 
on the control surfaces of guided missiles where the 
combined effect of the change in aerodynamic damping 
and the characteristics of the servo-control has led to a 
rotational oscillation of the control surface at low 
supersonic speed. 


4.2. BODY BENDING FLUTTER 

The greater fineness ratio of the body of a super- 
sonic aircraft makes a further type of flutter possible, 
because the body bending frequency is reduced and may 
approach the weathercock frequency closely enough to 
cause oscillation. 

This has not yet been met on an aeroplane but was 
encountered some years ago on a ram-jet test vehicle 
which had a long slender body with very little wing, or 
fin. Flutter started at a low supersonic speed and 
quickly increased as the missile accelerated (see Fig. 3). 
Ir involved three degrees of freedom in the pitching 
plane—body flexure, pitching and heaving. Fig. 4 
shows the sequence of missile attitudes at 1/100 second 
intervals up to the time of failure. 

This type of flutter was avoided by a simple 
expedient. Body bending flutter is similar to wing 
bending-pitching- heaving flutter of a swept wing aircraft 
in that a tailplane provides effective damping of the 
motion. 


Ficure 4. Mode of flutter. Geometrical representation of 
J.T.V.I. missile attitude at intervals of 1/100 second during 
flutter incident. 
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4.3. CONTROL SURFACE FLUTTER 

Flutter of control surfaces in conjunction with main 
surface or body freedoms needs to be considered. The 
diversity of control surface parameters is such that no 
generalised approach is possible to this problem, and 
very extensive flutter calculations for various speeds and 
combinations of modes are necessary. The character- 
istics of the power control which actuates the surface 
shouid be included, and in the case of guided missiles 
the servo-control is so dominant that the flutter 
characteristics are frequently suppressed—in which case 
they become a small correction to the servo character- 
istics and must be expressed in a suitable form, which 
involves as much computation as a flutter calculation. 


4.4. FLUTTER CRITERIA 

Various torsional stiffness criteria for the prevention 
of flexure-torsion flutter have been evolved both in this 
country and America. These criteria prove invaluable, 
especially in the early design stage, in assessing the 
flutter characteristics of wings and fins. The most 
Satisfactory are those due to Molyneux”, who 
modified the Broadbent“) criterion by using the results 
from flight flutter tests on rocket-propelled missiles. At 
the present time, the criteria are only valid up to low 
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FiGuRE 6. Critical torsional stiffness-Mach number flutter and 
divergence of an unswept wing of aspect ratio 4. 


supersonic speeds. At higher speeds, theoretical cal- 
culations must suffice until flight tests on rocket models 
or full-scale vehicles can be made. 


It is a good policy, however, to check any assessment 
of flutter speeds from criteria by theoretical calculation, 
as flexure-torsion flutter is not the only kind of flutter 
likely to occur on high speed aircraft and missiles. 
Body modes, both rigid and flexible, may become 
important on aircraft having swept or delta wings. 
Flutter of control surfaces in conjunction with main 
surface and body freedoms also need to be considered. 


Two types of flutter have already been mentioned 
when flexure-torsion criteria have little or no use. These 
are the single degree of freedom bending flutter of swept 
wings, and the single degree of freedom torsional flutter 
on high aspect ratio wings at low supersonic speeds. As 
far as control surface flutter is concerned, the old “ rule 
of thumb” methods set out in A.P. 970 have outlived 
their usefulness as far as high speed aircraft are 
concerned. 


Figure 5 shows the variation of critical torsional 
stiffness with Mach number for typical unswept, swept 
and delta wings, all of aspect ratio 4. In Fig. 6, the 
variation of critical torsional stiffness with Mach 
number is plotted for a typical unswept wing of aspect 
ratio 4, both for flutter and divergence conditions. In 
general, at subsonic speeds, flutter is the important 
design parameter, but at supersonic speeds divergence 
can become more important. Of course, the relative 
importance of flutter and divergence depends on such 
things as flexural axis position, inertia axis position, and 
so on, e.g. a rearward movement of flexural axis reduces 
the critical stiffness for flutter but increases the critical 
stiffness for divergence; sweepback reduces the critical 
stiffness for divergence more than the critical stiffness 
for flutter. 

Also shown in Fig. 6 is a curve giving the variation 
of torsional stiffness with Mach number in order to 
obtain suitable aeroelastic characteristics. It will be 
noted that, for the wing considered, which for the sake 
of argument was designed for an operating speed of 
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Ficure 7. Saturation temperature in stratosphere 
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M=1-6, the wing has to be designed structurally to 
satisfy the stiffness requirements at transonic speeds. 
This means that in the case of a missile, which only 
encounters the transonic region during the early stages 
of flight, the wing stiffness and hence the wing weight 
may be decided by requirements in a speed range which 
is only met for a short time. Thus the wing is over- 
designed for its operating speed. 


4.5. DIVERGENCE 

Corner divergence has already been mentioned, but 
chordwise bending over the whole wing could also lead 
to divergence at supersonic speed and must be taken 
into account. For the low aspect ratio appropriate to 
supersonic aircraft chordwise bending cannot be 
divorced from spanwise bending, because of anticlastic 
curvature. 

In a particular wing of aspect ratio 4, the effect of 
anticlastic bending almost exactly nullified chordwise 
bending. The wing must be treated as a plate rather 
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than as a beam, and this implies more refined methods 
of analysis by semi-rigid modes, strain energy methods 
or plate analogy. 


4.6. THE ROCKET MODEL TECHNIQUE 

The greater complication of the aeroelastic problem 
at supersonic speed coupled with uncertainty of aero- 
dynamic derivatives make even the most extensive 
calculations a not very satisfactory assurance of flight 
safety. It is now widely accepted that free-flight rocket 
models representative of the particular aircraft are an 
essential tool in evaluating this problem. 


4.7. HEATING 

The aircraft flying at supersonic speed is immersed 
in a boundary layer of heated air with a rate of heat 
transfer to the aircraft which may be many kilowatts 
per square foot. The temperature rise is fairly uniform 
over the surface and is shown in Fig. 7 for flight in the 
stratosphere; it approximates to the square of the speed 
in hundreds of miles per hour. 

Owing to the high rate of heat transfer an 
uninsulated surface will closely approach the boundary 
layer temperature within one or two minutes. At high 
altitudes the loss of heat by radiation” can be very 
helpful and Fig. 8 indicates the alleviation which can be 
obtained by the use of a matt black surface. 

The kinetic heating has the following effects on the 
structure : — 

(a) Temperature stresses due to differential expan- 

sion of dissimilar materials in the structure. 

(b) Thermal stresses due to temperature gradients 

in the structure during heating or cooling. 

(c) A deterioration of material properties at the 

elevated temperature. 

A rapid rise of temperature occurs in the skin of a 
bare wing structure of orthodox type, and all the above- 
mentioned effects are produced within a matter of 
minutes. The effect of adding external insulation is 
most favourable and can halve the temperature rise if 
less than an hour’s flight at supersonic speed is needed. 
This very attractive expedient may be denied realisation 


T T 
| LCAN. STRATOSPHERE 
| | Z 

| | | 
| | 
2 STRATOSPHERE 
= | 
| 
= 
MAX. TEMPERATE 
a 2 SEA LEVEL 
8 | 
= 
& MAX. TROPICAL 
a SEA LEVEL 

| 
| | 
0 5 7 


' 2 3 4 
NOMINAL TEMPERATURE LIMITED MACH NUMBER 
(LCAN. TEMPERATE STRATOSPHERE 


FiGurE 9. Variation of temperature limited speed with 
environment. 


hee 
| 
| 
aif | 
| 
| 
) 
| 
| 
| 
Wigs 


J. FARRAR 


SUPERSONIC FLIGHT—STRUCTURES 


717 


Stagnation pressure and _ typical 


Figure 10. 
flight envelope. 


by practical problems, foremost among 
which is the difficulty of obtaining a 
lightweight thermal insulator which can 
withstand supersonic air flow and steep 
temperature gradients. 

For an uninsulated structure the maxi- 
mum permissible structure temperature 
may limit the top speed of the aircraft. 
Fig. 9 shows how such a limited top speed 
varies with ambient temperature. Tropical 
sea level operation is seen to reduce the 
permissible speed by as much as M=1 
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—a very severe example of temperature 
accountability, which leads one to expect 

that future speed records may be set at 0 
the low ambient temperatures of the 
stratosphere. 


4.8. PRESSURE 
It is normal for the maximum permissible speed to 
vary with altitude, and this is very necessary if the 
structure weight of the supersonic aircraft is not to 
become excessive. Fig. 10 shows the stagnation 
pressures with typical flight envelopes for two subsonic 
and two supersonic aircraft. Even with restricted 
speed at low altitude the maximum stagnation pressure 
is increased several times for the supersonic aircraft. 

Fortunately the loads due to gusts are not much 
more severe than in subsonic flight, owing to the 
reduced lift curve slope, if the wing is truly supersonic. 
If the wing is swept the lift curve slope tends to be 
lower anyway. 


5. The Aircraft Structure 


We have established that wing and tail are most 
likely to be of multispar construction, the body structure 
remaining orthodox. The multispar structure makes 
all the boom material available for 
torsional stiffness, instead of only about 
70 pei cent with skin-stringer construc- 
tion. This is necessary in view of the 
greater aeroelastic requirements. 


5.1. MATERIAL PROPERTIES 

The strength of some materials at 
elevated temperature is shown in Fig. 11. 
The strength" of aluminium alloys is a 


function of time at temperature: the 
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superiority of titanium alloy at moderate temperatures 
is clear, although above 500°C high strength steel is 
evidently preferable. 

The creep strength’ varies with temperature and 
specific creep strength is shown in Fig. 12. Here again 
the superiority of titanium is clear although sintered 
aluminium powder‘? shows remarkably good properties 
above 400°C. 

The specific elastic modulus of metals shows little 
variation at room temperature, but at elevated tempera- 
ture aluminium alloys show a serious reduction. 
Fig. 13 indicates that on a specific modulus basis (as 
required for wing stiffness) titanium and steel have a 
clear advantage, although it must be remembered that 
if buckling is important the specific square root of 
modulus is applicable and aluminium alloy remains 
attractive. 

The fatigue properties show a similar reduction with 
temperature, but as yet there is little evidence available 
for aircraft type structures. 
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FiGurE 12. Specific creep strength (0-1 per cent in 1000 hr.) 
of various materials. 


5.2. THERMAL STRESS 

Despite the lead given by Hoff'’’ in America and 
Parkes ''’ in this country, thermal stresses are not an 
exact science. The engineer tends to shun strain- 
compatibility problems such as this, preferring to try 
to make the strains compatible rather than evaluate 
them. There may be good reasons why this attitude is 
justifiable because the stress can be very severe and 
thus demand alleviation. 

Figure 14 shows the maximum possible stress which 
could occur in any uniform wing heated to stagnation 
temperature or cooled from it. The stress is due to the 
difference in temperature between the skin and _ the 
webs, and its maximum possible value is simply E2T 
for the material concerned. As an example the 
maximum stress in a typical wing'’’ heated rather 
slowly is also shown, and this approaches 75 per cent 
of the worst possible stress. (It also exceeds 50 per 
cent of the available proof strength.) 

As webs are lighter than skins, it is in webs that the 
worst stresses occur. If heating is rapid the stress will 
approach the maximum possible value. Palliative 
measures are : — 

(a) To give the web high diffusivity (i.e. a high 
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FiGure 13. Specific modulus of various materials. 
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conductivity combined with low specific heat) 
so that it rapidly reaches skin temperature. 

(b) To use a web with a coefficient of expansion 
greater than that of the skin. 

(c) To use a web material with high strength and 
low elastic modulus. The latter can be assisted 
by lightening holes or corrugation. 


Titanium alloy is satisfactory in all these respects 
when used with a steel skin. 

We note that the aircraft structure has the loads and 
material properties which are now functions of loading, 
temperature, and time. The problems of stress analysis 
are therefore much more formidable. 

The difficulties of structural testing are if anything 
greater and could well justify a separate lecture. 


5.3. STRUCTURE WEIGHT AND CHOICE OF MATERIAL 

The type of structure to be used can often depend on 
the balance of the various factors governing the design, 
and these factors affect different parts of the structure in 
different ways. It is therefore not possible to generalise, 
the choice depending on a detailed design study. 

As an example of trends, Figure 15 has been 
constructed from realistic design studies of families of 
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Ficure 14. Maximum possible thermal stress in web attached 
to heavy skin of same material. (Soaked to skin temperature, 
subsequently cooled.) 
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are possible. The first involves 

fabrication from sheet material with 

riveting or glueing in the case of light alloy or welding 
in the case of steel. It is here of great importance that 
the flanges of the spars should provide good support to 
the skin, otherwise its full compressive strength will not 
be realisable. It is also important that the sheets be 
flat when received—a feature in which high strength 
steels are lamentably deficient. 

The second approach is to machine each skin and 
attachment angles from the solid'*’, subsequently 
assembling the spar webs. The saving of joints and 
improved tapering of the structure are attractive, but 
the applicability of the process to high-strength steel or 
titanium has yet to be demonstrated. 

It can be said with certainty that for any structure 
other than in light alloy, severe fabrication problems 
exist. 


6. Some Tentative Conclusions 


Little practical experience has yet been obtained of 
prolonged flight at supersonic speed, and there is 
correspondingly little basis for establishing trends. 
The following personal opinions may at least excite 
comment. 

(a) Light alloy, with its known _ fabrication 
techniques, may be used well into the tempera- 
ture region where theory indicates titanium 
alloy to be considerably more efficient—even 
up to M=3 for short periods. 


TEMPERATURE —°C 


(b) For the very highest supersonic speeds (Mach 
numbers greater than 34), stainless steel is the 
best material and its use is likely before that of 
titanium alloy because of availability. Nickel 
chromium alloys may be better still but are 
expensive. In either case new _ fabrication 
methods are required. 

(c) For aircraft operating between M=2 and 
M=4 titanium alloy has attractions, particu- 
larly with regard to long life because of its 
good thermal stress properties. It might thus 
be suitable for a supersonic commercial 
aircraft. 

(d) The use of metal adhesives will become 
increasingly difficult for speeds above M=2. 
Welding appears to promise the most effective 
means of fabrication for the future. 


ACKNOWLEDGMENTS 

The author thanks Bristol Aircraft Limited for 
permission to publish this paper. Any views expressed 
in it are his own. He also thanks M. J. Tayler, 
N. L. Lyons, S. A. Smith and Dr. D. E. Lloyd for their 
valuable help in compilation. 


REFERENCES 


1. R.A.E. Tech. Note No. Structures 186. 
2. Moryneux, W. G. (Unpublished). 
3. BROADBENT, E. G. (Unpublished). 


| 
) 

n 

d 

d 

d 

g 

n 

1, 

n 

n 

vf 

| 
| 


720 VOL. 60 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


NOVEMBER 1956 


4. HartsHorn, A. S. (1955). The Temperature of Materials 
at High Flight Speeds and the Problems Involved. R.A.E. 
Tech. Note No. Aero 2397. September 1955. 


5. Wacker, P. B. R.A.E. Report No. Structures 189. 


6. MEIKLE, G. (1953). Summary of the Effect of Heating 
Some Aluminium Alloys and Alloy Steels at Elevated 
Temperatures. R.A.E. Tech. Note No. Met. 187. 
November 1953. 


7. TEED, Major P. L. (1953). Titanium—a Survey. Journal 
of the Royal Aeronautical Society, April 1953. 


8. Sutton, H. (1955). Some Aspects of Modern Aircraft 


Materials. Journal of the Royal Aeronautical Society, 
July 1955. 

9. BETTERIDGE, W. (1955). Alloys for Use at High 
Temperatures. Journal of Institute of Physics, Vol. 6, 
September 1955. 

10. Horr, N. J. (1951). Structural Problems of Future 
Aircraft. Proceedings of the Third Anglo-American 
Aeronautical Conference, September 1951. 

11. Parkes, E. W. (1953). Transient Thermal Stresses in 
Wings. Aircraft Engineering, December 1953. 

12. Keen, E. D. (1953). Integral Construction. Journal of 
the Royal Aeronautical Society, April 1953. 


Control and Allied Problems 


H. H. GARDNER 
(Chief Designer, Guided Weapons, Vickers-Armstrongs (Aircraft) Ltd.) 


1. Introduction 


At this stage in the Symposium three papers 
have been presented on the subject of Supersonic Flight. 
They will have left untouched a field which is much too 
wide and extensive to cover in a single paper. In fact, 
any attempt to cover the major problems remaining 
would result in a superficial and valueless effort. How- 
ever, the general problem of control, particularly that 
resulting from the elimination of the pilot, is clearly the 
next major consideration and this is basically the theme 
of this paper. 

Other major problems may be described as those 
associated with Electrical and Mechanical Engineering; 
they include power supplies, services and, in particular, 
refrigeration. If one looks back some twenty years 
these problems were not considered of any great 
importance, although at some stage every designer must 
have decried their reliability. In fact ‘‘ electrics again ”’ 
seems to have been heard far too frequently when 
trouble occurred. 

In the future the design of supersonic aircraft and 
missiles will call for far greater skills in the field of 
Electrical and Mechanical Engineering. While a steady 
increase of those skilled in electronics, servo- 
mechanisms and instrument design will be essential. 


2. Weapon Guidance 


In discussing briefly weapon guidance as an intro- 
duction to the general control problem, I was tempted 
to define the various forms of guidance such as wire 
control, command control, passive homing, active hom- 
ing, semi-active homing, inertia guidance and so on, 
but I quickly realised that this would result in a long 
list of definitions which would be limited for obvious 
reasons. I have therefore discarded this approach and 
propose to talk of the basic philosophy of choosing a 
guidance system for a missile. As in the early days 


of aeroplanes, airframes and power units were first 
designed, and then control systems and other systems 
were added, so, in the weapon era, the same approach 
was adopted. In the first stage the weapon airframe 
and propulsion unit were designed and the guidance 
and control systems built in subsequently. This was 
probably the stage reached by the early German weapons 
in the Second World War. 

The second stage was perhaps the other way round, 
where opinions swung to the opposite extreme and the 
guidance system was chosen largely as the first stage 
in the design of the weapon. Happily we are now 
entering a third stage in which the target is specified 
and the designer is asked to consider not only what is 
the best guidance method but also, what is the best 
appropriate weapon system. I wish to emphasise most 
strongly that, in my view, this is the only way in which 
the job should be tackled. 

The position can best be illustrated by example. 
Consider a hypothetical requirement for a weapon 
system to attack naval surface vessels from the air. 
The date by which the requirement must be delivered 
to the Services will, of course, be given. Now I suggest 
the weapon designer should not immediately exclaim 
‘* suidance should be by such and such a method.” He 
should mentally list and consider all possible guidance 
techniques and should address his first efforts towards 
obtaining answers to questions such as the following: — 


1. Is the target to be attacked when moving and 
when stationary? When at sea and when in 
harbour? 

2. Is the target likely to be found alone or with 
escorts? 

3. Is it to be assumed that the target will have air 
cover? 

4. What are the target’s speed and manoeuvr- 
ability? 
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5. Is the target to be attacked in all weathers? 

6. What anti-aircraft guided weapons or guns will 
the target have? 

7. What passive defence techniques, such as elec- 
tronic counter measures, decoys, and so on, 
might the target employ? 

8. Is it sufficient for the damage to the target to be 
such that it can subsequently be brought to 
action by surface vessels? Or must the required 
system alone give a high chance of sinking? 

9. How many aircraft can be used against each 
target, and are they to be carrier-borne or shore- 
based types? 


The effect of these considerations on the choice 
of guidance may be illustrated by postulating some 
answers. For example, if attack in harbour (1) is 
required, then probably only the human eye will have 
sufficient resolving and discriminating powers to detect 
and identify the target against a background of shipping, 
buildings, and land structure, thus a visually laid com- 
mand link system would be indicated. However, if 
attack in all weathers (5) is required, this will probably 
be excluded. Furthermore, if a guided weapon target 
defence system is expected (6), then any aircraft which 
has closed to the small range of a visually laid missile 
might be very vulnerable. 

After consideration of (7) it may be decided that 
ihe ship may have a very high standard of Electronic 
Counter Measures (E.C.M.). Indeed, this may well be 
true when regard is had to the weight, space, and power 
which may be devoted to shipboard E.C.M. In this 
case, perhaps the only radar homer which might be 
expected to succeed would be a highly sophisticated 
one, the development of which requires more time than 
the specified time scale allows. 

And so the argument must proceed until the guid- 
ance method giving best compromise is found. A 
similar argument will apply to other types of target and 
the same approach should be adopted. 


3. Aircraft Guidance 


We are now reaching the stage when consideration 
must be given in design to the guidance of the aircraft. 
As speeds increase, the margin of error becomes small 
and this may necessitate the use of a system which is 
more rapid in evaluating the given situation than the 
human brain. This is particularly true if a high degree 
of accuracy is required as, for instance, for navigation in 
a congested air lane, for high altitude bombing or for 
the interception of supersonic bombers. The remedy 
for such a situation, where the pilot’s reactions are 
considered too slow, will be to provide the aircraft with 
some form of automatic guidance which feeds infor- 
mation directly into the control system of the aircraft. 

As the aircraft becomes more and more an integral 
part of the weapon system it is believed that automatic 
guidance will be required and we may well ask whether, 
in these circumstances, the pilot is a necessary addition 
to the aircraft system. I would suggest that, although 
pilots can make mistakes, they are much less likely to 


break down completely than automatic systems. I 
believe that the crew will be retained until the last stage 
of development as they are always available to monitor 
the functioning of the automatic systems and, in the 
event of failure or some unforeseen happening, they can 
always take over and deal with the emergency. 

I still subscribe to a well known test pilot’s proud 
boast that a pilot is the most complex instrument 
produced by relatively simple means. 

It would have been interesting to pursue this discus- 
sion on aircraft guidance but I must pass to the main 
control problem. I will, however, return to this later 
in a brief discussion on an integrated guidance and 
control system for a particular class of aircraft. 


4. Weapon Control Systems 


Let us consider in a general manner the design of 
control systems for guided weapons and for aircraft. 

At no stage will I give any complicated analyses of 
control mechanisms, but rather I will attempt to present 
a general discussion of the philosophies which in my 
opinion should underlie the design of control gear. 

The function of the control system is to discharge 
three main tasks. These are firstly, to stabilise the 
missile; secondly, to modify the missile responses: 
thirdly, to accept commands from the guidance and to 
apply these to the airframe. 

There are four phases of design, all of which 
continue with considerable measure of overlap and of 
course with feedback of information from the later 
stages to assist in the re-evaluation of the earlier 
decisions. Each of these phases is considered in turn. 


4.1. ASSESSMENT 

At this stage the basic layout of the control system 
must be chosen. As a simple example the choice must 
be made between the use of accelerometers with phase 
advance, or accelerometers and rate gyroscopes in the 
missile local stability loop. Block diagrams of these 
two methods are shown in Fig. 1. 

For a linear control system this assessment would 
be relatively simple. No fundamental extensions of the 
methods devised by Nyquist, Bode, and others in the 
electrical world are required, and there is a growing 
volume of literature in this field. Indeed the new books 
appear with almost alarming frequency. However, a 
practical control system is usually far from linear. 
Typical of the sources of non-linearity are back-lash, 
friction and dead zones in the mechanical elements of 
the system, limiting in the mechanical and electrical 
elements and non-linearities in the aerodynamics. 
Theoretical methods at present available for the analysis 
of non-linear control systems are, I am afraid, exceed- 
ingly cumbersome and cannot yet be considered as 
design tools. The “describing function” and “ phase 
plane’ methods will certainly come into greater service, 
but they are difficult to use for the synthesis of systems, 
and are not applicable to a considerable range of systems 
of importance. It seems doubtful that we shall ever 
develop satisfactory theoretical methods which will 
enable us to obtain all the advantages which 
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undoubtedly can be had by deliberate introduction of 
non-linear elements in a complex system. The basic 
choices made at this stage must therefore depend almost 
entirely upon linear theory, leavened with a considerable 
amount of experience, intuition and guesswork. For 
this reason, checks of the decisions made at this stage 
must be obtained as soon as possible by use of the 
analogue simulator. 

It is at this stage that consideration will also be given 
to the basic layout which is to be used for the missile 
airframe. This is the moment when the airframe 
designer, the aevodynamicist and the control engineer 
must first be made to see eye to eye. The types of lay- 
out which these designers may invent in order to meet 
their own design requirements is usually pretty varied 
and some measure of agreement on a compromise layout 
must be obtained. For example, in a homing missile 
a strong case can be made for a layout which combines 
all the electrical and mechanical equipment at the front 
of the missile, where the homing head is necessarily 
already located, and this gives rise to the suggestion for 
forward controls. (See Fig. 2.) 

However, the aerodynamics of this layout produce 
very considerable non-linearities and cross couplings 
and it is a problem for the control engineer to decide 
whether he can design a control system to cope with 
these characteristics. Another favourite subject which 
is often much discussed at this stage is the choice 
between a “twist and steer” layout and a cruciform, 
or Cartesian, system. The general advantages of twist 
and steer are substantial but the problems of control are 
great. A wise decision may well be not to attempt the 
control problem of the twist and steer layout (Fig. 3). 


Considerable attention must also be paid at this time 
to spotting what might be called the parasitic loops, 
These must be discovered and steps taken to ensure that 
they do not interfere with the basic functions of the 
control system. Examples which may be given are 
firstly, elastic body mode coupling. Vibration of the 
missile structure may be detected by the control instru- 
ments, for example the rate gyroscope, and fed to the 
control amplifiers and aerodynamic surfaces as a 
demand; the aerodynamic forces thus produced may 
excite the elastic body mode, thus closing the loop. The 
stability of this loop must be ensured by choice of 
instrument position in the body, by stiffening the body, 
or by the introduction of filters in the electrical stages 
which will attenuate oscillations at the troublesome 
frequencies. Another example is gimbal bearing friction 
in the line-of-sight gyroscope employed in the guidance 
head of many homing missiles. This may produce 
cross-coupling between the elevation and azimuth planes 
in a Cartesian control system. A further example is the 
aerial polar diagram loop in the beam rider. The situ- 
ation is demonstrated in Fig. 4 from which it will be 
obvious that oscillation of the missile at its weather-cock 
frequency will produce a modulation of the signal 
strength arising at the receiver due simply to the shape 
of the missile aerial! polar diagram. In an ideal world 
the Automatic Gain Control in the missile would 
climinate this fluctuation of signal strength; however, the 
A.G.C. has to meet many other design requirements 
and it is probable that its response at the weather-cock 
frequency will not be sufficiently good to eliminate 
entirely the signal variation. Thus the guidance system 
will pass demands for manoeuvre to the control system 
at the frequency of the weather-cock mode. These will 
be passed to the control surfaces, and the missile will 
be forced to respond at this frequency. Thus again the 
loop is closed, and we must ensure that the stability 
and response characteristics of this loop do not interfere 
with the function of the missile. 

In this assessment stage one must also consider what 
form of drive will be given to the control surface 
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actuator. The popular range from which the choice will 
probably be made is pneumatic drive, hydraulic drive 
or electrical drive. In each case the source of the power 
supply must be considered at the same time. For 
example, a total loss oil-driven system may be pressur- 
ised from high pressure air or nitrogen stored in bottles 
in the missile. Gas for a pneumatically-driven system 
may be stored in a high pressure bottle or, alternatively, 
may be obtained from a slow-burning cordite charge. 
Since electrical supplies must be produced for other 
purposes it is tempting to argue that the whole missile 
might be electrically-driven. However, in general this 
cannot be done because electrical actuators are heavy, 
bulky and of inadequate response. It is worth spending 
considerable effort on this problem of power supplies 
since an unwise choice may seriously prejudice the 
success of the control system. 

Another field of activity which should be mentioned 
here is that of optimisation. Although this will probably 
not be attempted in the early assessment stages, the 
same staff will probabiy be faced with the optimisation 
task at a later stage in the missile design. 

The problem here is to produce a faithful response 
to a desired input while giving a minimum response to 
undesired inputs. This must be achieved in the presence 
of any internal noises produced within the control 
system. The best example of this is perhaps the propor- 
tional navigation homer in the presence of target glint 
and fading. The fundamental task of the control system 
is to produce a lateral acceleration of the missile which 
is proportional to the rate of change of the direction 
of the sight line from missile to target. However, the 
target position appears to the missile to be rapidly 
changing due to movements of the radar centre over 
the target. If we knew the frequency spectral density 
of these motions we would be able to design a high 
order filter which would attenuate the majority of these 
oscillations, at the same time ensuring that no undue 
deterioration in response to the genuine demand is 
made. 


4.2. COMPONENT SELECTION 

The assessment will by now have proceeded to a 
stage at which a list of the components required can be 
compiled. Each component can be expressed in the 
form of an abbreviated specification containing the 
major characteristics required. Now, in my opinion 
the wise designer at this stage will review the lists of 
readily available components and will do his best to 
select from this list all the parts he requires for his 
control system. Although it may be interesting to 
design and build one’s own rate gyroscopes, accelero- 
meters, and so on, | am sure that considerable effort 
should be made to buy someone else’s instruments for 
these purposes. Unfortunately, it is improbable that the 
designer will discover all the components he requires 
from existing sources, but he should still endeavour to 
restrict himself only to modification of existing com- 
ponents. There will probably remain some parts which 
he is unable to acquire and which he must either design 
and build for himself or. give to sub-contractors. The 
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control surface actuator is a component which almost 
certainly will not be obtainable from anybody’s stock. 
The designer musi therefore design his own actuator 
system and have it built. It is vital that at this stage 
the control engineer should have ready access to 
instrument manufacturing and test capacity. 

Having now acquired some hardware, designers must 
proceed to measure not only its basic performance and 
the degree to which it meets the specification require- 
ment, but also to explore it for imperfections. The 
measured imperfections must be passed back to the 
assessment stage to check that the missile can tolerate 
them. 

The installation of components in the body of the 
missile must be made with great care. The performance 
of many good instruments has been wrecked by careless 
installation. 
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4.3. STATIC TRIALS OF THE MISSILE SYSTEM 

There is, of course, no real substitute for the flight 
test but an attempt should be made to reproduce on the 
ground much of the environment which the missile will 
meet in the air. This is done by invoking once again 
the analogue simulator. A missile complete with work- 
ing control gear is “ hooked into” the simulator which 
computes the aerodynamic responses and, if desired, 
the trajectory flown by the missile. 

Experience of missile flight work has taught us that 
the components get an extremely rough ride. The effect 
of this on missile performance can be simulated to some 
measure by exciting the vibrations of the round by 
means of an electro-dynamic exciter, it can also be 
shock tested, by hammer blows, by descending lead 
weights, or by similar means. 

By these means we can make an approximate check 
that in flight the missile will be stable and will respond 
satisfactorily to the course commands received from 
the guidance system. 


4.4. FLIGHT TRIALS 

These usually consist of exercising the control system 
in stages. For example, the first firings are used to 
prove the roll stabilisation system. These may consist 
of rounds whose lateral stability is ensured by having 
a very forward c.g., and which will carry those elements 
of the control system which are used to roll stabilise 
the missile. The next series of rounds will carry the 
roll channel, together with the lateral control channels. 
Superimposed upon the lateral channels may be a 
programme demand for lateral manoeuvre. One would 
naturally choose to inject this demand at the point in 
system at which the guidance input is inserted. 


When satisfactory control of the missile in the 
absence of guidance signals has been demonstrated the 
navigation loop will be closed by coupling the control 
system and the guidance system together. The guidance 
components will have been previously demonstrated by 
firing rounds bearing working control gear and working 
guidance, but with the guidance outputs not fed into 
the control system. These outputs will have been 
monitored and shown to be consistent with the target 
problem presented to the missile. Usually the first 
rounds in which the navigation loop is closed will be 
given an “easy ride” by firing under conditions which 
do not demand the system to work near its limits. For 
example, in the case of an air-fired weapon an inter- 
mediate height will be chosen and the guidance problem 
will be simple. That is, a balloon-borne or parachute- 
borne target will be used, or perhaps a non-manoeuvring 
drone. 

The firing programme from now on will consist of 
exercising the missiles at the limits of the specification 
requirements, for example, of the height range and of 
the speed range, and against manoeuvring targets. 

Although all phases of the design of the missile are 
important, it is perhaps in the planning and control of 
the flight trial stage that most mature judgment is 
required. It simply is not practicable to fire all the 
rounds we wauld wish in order to develop and to 
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demonstrate the control system, or indeed any other 
part of the weapon system. The problem then is judging 
how much to do, what to do, and what to leave out. 
One or two maxims may be offered as guides to this 
phase of work. Firstly, not too many steps should be 
attempted (but on the other hand, not too few); and 
secondly, avoid like the plague all “test vehicles,” 
“interim equipments” and stages of this type. All 
these bring their own crop of troubles, and a dispropor- 
tionate amount of time and effort-is spent ** debugging ” 
equipment which is not intended to remain in the final 
weapon anyway. 

One cannot leave this subject without mentioning 
the problem of collecting and interpreting information 
on the success of components. This is done almost 
exclusively by means of telemetry. The number of 
channels of information in the normal telemetry sender 
is always less than we wish, thus there is a good chance 
that a component which mal-functions is in fact not 
being monitored at all. The problem then becomes one 
of inferring from the performance of other components 
in the system where the failure has occurred. Skilled 
interpretation of telemetered data is one of the keys to 
success in weapon development. This demands of the 
interpreter a most detailed knowledge of any way the 
components may be expected to perform. In fact, it 
is the designer himself who is usually required to play 
detective and disentangle telemetry data from a mal- 
functioned round. 

In these circumstances the lack of a test pilot 
becomes painfully obvious; the weapon designer will 
certainly suffer due to the lack of evidence which in 
the aeroplane can be provided by the pilot. 


5. Automatic Control in Aircraft 


For some few years we have seen the beginning of 
automatic control in the introduction of synthetic 
stability to improve the handling characteristics of 
aeroplanes. However, we are now embarking on a 
period of complete automatic flight for some types of 
military aircraft. This is principally for two reasons, 
firstly, the provision of inherent stability in the high 
performance aircraft at supersonic speeds and great 
heights is practically impossible to achieve except at 
great cost in weight and drag. Thus synthetic stability 
must be introduced. Secondly. the operation of military 
gear in the aircraft is becoming such a burden that the 
pilot and other crew members must be relieved as far 
as possible of their routine flying duties. 

Consider one aspect of the stability problem at high 
altitudes and high speeds as an illustration of the contri- 
bution of the control system. It is normally found that 
for any given values of the moments of inertia of the 
aircraft, for a fixed value of the aerodynamic stiffness 
in pitch there is a range of values of the stiffness in yaw 
for which the aircraft is stable for all rates of roll. This 
band is comparatively wide for low Mach number and 
low altitude so that it is not surprising that rolling 
instability has not been common in the past. A typical 
stability boundary diagram is shown in Fig. 5. At 
supersonic speeds of the order of a Mach number of 2 
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Figure 5. A typical stability boundary diagram. 


the stiffness in pitch may increase to between three and 
four times its subsonic value, while the stiffness in yaw 
may fall to perhaps half its subsonic value. The stability 
boundaries themselves will have changed shape, giving 
a much smaller zone for satisfactory stability. The 
situation is shown in Fig. 5. The positions in which 
we might find typical aircraft without synthetic stabili- 
sation are shown on both diagrams. It is clear from 
the second diagram that an enormous fin would be 
required to move the natural aeroplane into an accept- 
able stability zone. The result may then be that the 
aeroplane at subsonic speeds would become unsatis- 
factory; in any case the performance cost of this is 
prohibitive. The proposed cure is to increase the 
effective yaw stiffness by the introduction of synthetic 
Nv. Quite a moderate amount will lift the aeroplane 
into the satisfactory zone as shown on the figure. 

This is by no means the whole story on the character- 
istics of these aeroplanes in roll. Considerable attention 
must be given to the transient response. While the 
aeroplane is rolling there is a rapid precessional oscil- 
lation superimposed on a_ slow divergence. The 
precessional oscillations contain a large amount of 


kinetic energy for comparatively small amplitudes, due. 
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to the high frequency. If the aircraft is abruptly stopped 
rolling this energy is transferred to the short period 
oscillation and the dutch roll. Because of the lower 
frequency of these motions the same kinetic energy 
produces much larger amplitudes, so that the greatest 
peak value of incidence or side slip may occur after the 
aircraft has stopped rolling. Analysis has shown that 
the use of synthetic stability can greatly reduce the 
angles of incidence or side slip obtained in this way. 


6. Integrated Guidance and Control for 
Aircraft 


THE SUPERSONIC INTERCEPTOR FIGHTER—AN EXAMPLE OF 
AN AIRCRAFT WITH GUIDANCE 

A typical World War II system of defence using 
all-weather fighters, such as the Mosquito, is first 
described briefly. (See Fig. 6.) In this system, the 
hostile aircraft was first detected by early warning radar. 
When the hostile aircraft and the defending fighter were 
within range of a Ground Control Interception (G.C.I.) 
radar equipment, the positions of both the aircraft were 
presented on one display to a human operator. This 
human operator, the controller, then attempted to steer 
the fighter into a stern chase. This was achieved by 
the controller observing the relative positions of hostile 
aircraft and fighter, judging the corrections to be made, 
and giving the pilot of the fighter verbal vectoring 
instructions over the R.T. When the fighter was suffi- 
ciently close behind the hostile aircraft, its own Airborne 
Interception (A.I.) radar equipment would search for 
the hostile aircraft, and provide a more accurate measure 
of its position. This position was displayed to the 
observer in the fighter, who would give vectoring 
instructions to the pilot. The fighter would be flown up 
behind the hostile aircraft until the range was close 
enough for the pilot to see it. The pilot would then aim 
his aircraft visually and fire his guns. 

This type of system was reasonably effective: if the 
number of hostile aircraft present was not so high as 
to saturate the defensive system, something like 10 per 
cent of the hostile aircraft were destroyed. However, 
each interception took a fair amount of time. 

Such a system will be of no use in the future. The 
destructive power of bombers is now so great that 
virtually all hostile aircraft must be destroyed and, 
what is more, they must be destroyed before they cross 
the coast. 

Further, the great speed of supersonic bombers, and 
of supersonic fighters intercepting them, together with 
the difficulty of obtaining any major increases in the 
range of Early Warning (E.W.) radar, result in the time 
available for the interception system being incredibly 
short. This demonstrates the need of collision course 
interceptions, in which the time is saved by the fighter 
not having to make a tight turn and settle down in a 
stern chase. It is thus obvious that the high degree of 
precision required to destroy the maximum number of 
hostile aircraft, the short time available, and the 
additional complexity of computing collision courses, 
result in the need for a complex automatic system for 
guiding the fighter towards the hostile aircraft. 
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(D) INTERCEPTION It is thus seen that the 


supersonic fighter would not 
be functionally very different 
from a_ surface-to-air guided 
missile. The crew would be 
retained to monitor the func- 
tioning of the system, to take 
charge in case of mal-function- 
ing of equipment, and to 
distinguish the correct target 
on the display the 
presence of various forms of 
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We now look at such a hypothetical system of 
defence using supersonic fighters. Such a defensive 
system would be designed on the weapon system 
concept. in which the fighter aircraft, its missile arma- 
ment, the ground radar equipment, and so on, are all 
conceived as interlinked elements of one coherent 
system. The weapon system concept is of tremendous 
importance, as it would appear to be the only satis- 
factory way in which such complex systems as that 
being described can be successfully developed. This 
conclusion is borne out at many places in this paper. 
(See Fig. 7.) The fighter would be directed towards 
the hostile aircraft by means of a guidance system, using 
target information obtained from the G.C.I. radar. This 
guidance system might take a number of forms. For 
instance, both hostile aircraft and fighter might be 
tracked by ground radar, and the steering instructions 
computed on the ground and fed into the fighter auto- 
pilot via a radio link: this is identical with the system 
of command guidance used in some missiles, and is an 
automatic version of the Second World War system of 
G.C.I. control. Alternatively, the fighter might be 
equipped with the same type of receiving equipment as 
in a beam riding missile, and would then automatically 
ride down the beam of the ground radar which was 
tracking the hostile aircraft. When the fighter was 
sufficiently close to the hostile aircraft, its A.I. set 
would search for the hostile aircraft and lock-on to it, 
tracking it continuously. The data from the A.I. might 
then be used to automatically home the fighter in a 
similar manner to a radar homing missile. With suitable 
choice of the parameters in the homing system, the 
fighter could be made to fly on a collision course. The 


clutter, such as “window” dis- 
pensed by the hostile aircraft. 

In addition, the following facilities internal to the 
aircraft may also be required. To bring the aeroplane 
to its Operating speed and altitude in the most 
economical manner a complicated climb technique is 
required, and there is no reason why this should not be 
programmed in the aircraft system. The pilot would 
select, for example, climb procedure to reach height in 
minimum time; or, alternatively, to reach height for the 
minimum use of fuel. The climb would then be 
executed without any further action by the pilot. 

To aid navigation and to help the ground controller 
during recovery it may be necessary to provide facilities 
for selection of rate of turn, or radius of return, and 
also for heading hold. Automatic speed lock and height 
lock will also probably be demanded. For structural 
and physiological reasons manoeuvre limiting should be 
introduced. For stability reasons and to prevent various 
airborne gyroscopes from toppling, roll rate limiting may 
be needed. An attempt has been made in Fig. 8 to 
draw an elementary functional diagram for such an 
intricate system. 

The functional diagram for this control system 
indicates far more clearly than the written word the 
complexity which will be involved when such a system 
is achieved. It will be far more complicated than a 
guided weapon and will demand an equal if not greater 
reliability. Certain components will undoubtedly need 
duplication and probably triplication. primary 
electrical signalling system may be found necessary, and 
the precautions which will be essential to cope with any 
single failure will add to the overall complication. 

In concluding this section on Control it is suggested 
that the success of any operational plan involving 
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depend largely upon the effec- 
tiveness and reliability of the 
control system adopted. 


Fighter outomaticolly 
steered from radio commend) 
Fighter automatically 
riding up GC/. beom 
\ Lock-Follow 
“ Lock- follow | GCI tracking 
GC/ tracking tighter 
Hostile Aircratt 


Computer 


7. Associated Services Fighter bore 
and Equipment 
. PHA 
No general discussion of ©a 
Control can afford to neglect 
completely the power supply 


system. It is therefore proposed 
to deal very briefly with power 
supply systems, electronics and 
hydraulic equipment before pro- 
ceeding to the more recent and 
topical problem of refrigeration. 


7.1. ELECTRICAL POWER 
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SUPPLIES 

The amount of electrical 
power required in modern 
aircraft is of the order of tens of kilowatts. The 
generation of this power by a system which is sufficiently 
small and light to be compatible with supersonic air- 
frames presents something of a problem. 

Nowadays the amount of power consumed by the 
electronic and electro-mechanical equipment in an air- 
craft is a considerable proportion of the total power 
required. Since much of this equipment (e.g. gyros 
and magnetic amplifiers) works off a.c., there may well 
be a saving in weight of the power generation and distri- 
bution systems if the primary electrical power generated 
is a.c. rather than d.c. Hence we may expect new 
aircraft to obtain their primary electrical power from 
alternators, rather than obtaining a.c. from inverters 
driven by d.c. 

The choice of alternator drive systems depends on 
factors such as the duration of flight and the degree of 
regulation of voltage and frequency required over some 
range of variation of the electrical load. Alternators in 
future turbo-jet aircraft may be oil-driven, the turbo- 
alternator either located remotely from an engine-driven 
pump or integral with a pump and located adjacent to 
an engine. Another method is to use an air-turbine 
drive, supplied with air bled from the engines. In air- 
craft and missiles with ram-jets or rockets, the power 
for driving the alternator might be obtained by com- 
bustion of the fuel or of a separate chemical, e.g. a 
cordite charge. In air-to-air missiles, with times of 
flight of a few seconds, the lightest system may be one 
in which the turbo-alternator is driven by compressed 
air stored in bottles. 

7.2. HYDRAULIC POWER SUPPLIES 
For turbo-jet aircraft, engine-driven oil pumps are 


likely to remain as the most usual system but, for aircraft 
and missiles with other forms of propulsion, the numns 
are likely to be driven by a turbine; the turbine being 
driven by gases produced by the combustion of the 
fuel or some other chemical. 

In missiles with a very short time of flight a “‘ dead 
loss*’ system is likely to be used. The oil would be 
stored in accumulators, from which it would be expelled 
under pressure by a gas which was kept separate from 
the oil by a floating piston or a flexible bag: the gas 
might well be compressed air stored in bottles. 

The need to reduce the size of all components in 
supersonic airframes is vital, because of the necessity 
of keeping the volume of the fuselage as small as 
possible. Hence we may expect that the recent tendency 
for hydraulic pressures in aircraft to be in the 
3,000-4,000 p.s.i. range will be maintained, and that 
small missiles may have higher pressures. 

7.3. ELECTRONIC EQUIPMENT 

The main problems in the design of electronic equip- 
ment for supersonic airframes are associated with the 
need for tight packaging, high reliability, and working 
in high ambient temperatures. 

It is obvious that if economic supersonic perform- 
ance is to be obtained there must be as little waste space 
in the airframe as can be achieved with the available 
techniques at the time of designing the aircraft or missile. 
Hence the electronic equipment must be as tightly 
packaged as is consistent with other requirements, and 
should be “tailor-made” (in America, “ custom- 
built”) to suit the particular airframe. The past and 
sometimes current practice of taking an already designed 
equipment and placing it in any convenient empty space 
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FiGure 8. Interceptor automatic control system. 


in an already designed airframe may be all very well 
in subsonic designs; in supersonic designs its result will 
inevitably be that the design is a failure. 

The need for reliability in supersonic aircraft and 
missiles is greatly increased by the complexity, i.e. the 
number of things which can, and will, go wrong. This 
is particularly important in the control systems of super- 
sonic aircraft, where failure of one component or link 
may cause the aircraft to go out of control. In missiles, 
a failure in the guidance or control equipment may 
result in the missile becoming a hazard; this is especially 
so for a failure of an air-launched missile immediately 
after launch. 

The problem of operating in a high ambient temper- 
ature can be quite severe. Electronic components are 
notoriously temperature-sensitive, and will therefore 
require a considerable weight of refrigeration equipment. 
I believe that the best way of solving this problem is by 
careful design of the electronic units and by developing 
components to work over a wider temperature range, 
rather than by increasing the size of the refrigeration 
system. 

A number of new techniques are now becoming 
available which should be very welcome to the designers 
of electronic equipment for supersonic airframes. The 
use of “potting” techniques and printed circuitry, 
together with the resultant decrease in the number of 
soldered connections, will result in an increase in 


reliability, without any significant increase in problems 
of manufacture. The wider use of transistors is to be 
expected in the future; germanium transistors are still 
very temperature-sensitive, and the more suitable silicon 
transistors are not yet available in large quantities. The 
use of magnetic amplifiers is also likely to become more 
widespread. 

I suspect that there have now been a sufficient 
number of supersonic flights with aircraft and missiles 
for the accumulation of data on the expected shock and 
vibration conditions in flight. This may be important 
in the design of rugged thermionic tubes for use in high 
performance missiles. 

7.4. HYDRAULIC EQUIPMENT 

In recent years, aircraft hydraulic system pressures 
in the range 3,000 to 4,000 p.s.i. have become relatively 
common, and aircraft pumps have been built with con- 
siderably larger flow outputs. Apart from the need to 
keep power-to-weight and power-to-volume ratios to the 
minimum possible, the development of fluids suitable 
for higher working temperatures and pressures, and 
seals to operate with these fluids, has become an 
important factor. 

Servo-operated control actuators with a hydraulic 
or pneumatic main power source, have received exten- 
sive development for guided missile applications and 
are being used increasingly for aircraft applications, 
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The successful design of the future will not be one in 
which the ** hydraulics” as a separate system function 
in a satisfactory manner, but will be a combination of 
hydraulics and electrical equipment, with perhaps other 
items as well, in which each sphere of engineering is 
incorporated on its merits to give the best overall 
solution to the problems involved. 


8. Refrigeration 


In the control of temperature of components attached 
to an aircraft it is generally necessary to consider two 
principal cases: — 


(‘) The cruise condition when temperatures have 
stabilised throughout the aircraft. 

(i) The transient case, generally applicable to the 
portion of high speed flight and of short 
duration. 

To minimise the cooling load on the aircraft, it is 
necessary to design a system which will prevent the 
temperature of components at various positions in or 
on the aircraft from exceeding fixed maximum temper- 
atures. To obtain this cooling load temperature, 
distribution in or adjacent to the vital component under 
transient conditions must be obtained. The solutions of 
such problems are complex. For electronic equipment, 
and so on, the transient temperature in the equipment 
can be obtained approximately by lumping the equip- 
ment into One mass at one specific heat and assuming 
average heat transfer coefficients to the lumped equip- 
ment during the transient phase. 


8.1. ITEMS REQUIRING TEMPERATURE CONTROL 

The following parts of a supersonic aircraft or missile 
will require some form of temperature control, or design 
to limit failure due to high temperature operation: — 
The structure. 
The air crew. 
The electronic and other equipment. 
The fuel. 
Any externally carried guided weapons or 
armament. 


8.1.1. The structure 
The structure will have been covered by Mr. Farrar 
and is not considered here. 


8.1.2. The air crew 

The normal maximum temperature for useful 
functioning of the human body is 35°C. and cabin 
temperatures should not exceed this figure unless some 
form of ventilated crew suit is also in use. 

The area of transparent surface in the cockpit 
should be reduced to a minimum in order to reduce the 
effect of solar radiation, which produces about 130 
watts/ft.* heating on any surface which can “ see”’ the 
sun. Temperature gradients near the cockpit should 
be reduced to a minimum: this could be done by 
insulation sandwiched between the two conducting 
materials. By this means hot and cold spots in the 
cabin will be eliminated and the minimum temperature 
control air flow will be required. A combination of 
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cabin conditioning and ventilated crew suits with “ fish 
bowl” helmet may be the most suitable answer for 
crew comfort. 


8.1.3. The electronic equipment 

The limit of the temperature control requirement in 
the electronic equipment is always the maximum oper- 
ating temperature of the most temperature-sensitive 
unit. This unit should always be housed near the 
temperature control fluid inlet and as far from heat 
producing items as possible. The reduction of pressure 
at high altitude will also cause the maximum operating 
temperature to be reduced due to reduced heat transfer. 
This may be overcome by the necessity to pressurise 
electronic equipment to prevent corona effects or by 
using a liquid convection cooling system. At present 
the limiting ambient temperatures are about 50°C. on 
germanium rectifiers and transistors, and about 80°C. 
on transformers. Even if working temperatures rise, 
ram cooling of electronic and other equipment will not 
be possible, and some other heat sink will have to be 
found in the supersonic aircraft. Insulation of the 
‘black boxes”? housing the equipment from the main 
aircraft structure will be necessary to reduce the cooling 
load in the aircraft system and the thermal design 
characteristic of each electronic box will be a primary 
design consideration, not, as is often the present method, 
the last step checked before utilisation. 


8.1.4. The fuel 

Thermal insulation and pressurisation of the fuel 
tanks, and possibly the use of heavier fuels, may be 
necessary to prevent boiling. The fuel will probably 
be used for engine oil cooling and for other cooling 
purposes as well, so that the total heat introduced to 
the fuel must be carefully examined. A final temper- 
ature of round the 100°C. mark will probably be the 
limit for extraneous heat removal, as beyond this the 
temperature differential for heat removal will be too 
small to make any worthwhile contribution except in 
the case of structure cooling; also it is most likely that 
the engine oil temperature control system will be the 
last link before burning the fuel, and this may determine 
the maximum temperature before the oil-fuel heat 
exchanger. The oil used to lubricate the engine will 
need to be a very high temperature fluid and will 
probably be relied on to do quite an amount of cooling 
in the engine. 


8.1.5. Externally carried guided weapons 

An externally carried guided weapon will be very 
much more dependent on the adiabatic wall temperature 
due to supersonic flight than its parent aircraft, as it is 
at present a much more densely packaged item and is 
more exposed to ambient temperatures than the aircraft. 
However, in the future, the supersonic aircraft is liable 
to become as densely packaged as the present guided 
weapon. Due to the dense packaging of components 
the temperature control of the weapon may _ be 
extremely difficult and will be one of the primary 
considerations in its design. The propulsion system for 
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the weapon may be solid or liquid fuel, but in either 
case some form of temperature control of the fuel will 
probably be needed, unless the supersonic transient 
speed phase is limited to a few minutes. 

Unless all the components in the weapon are capable 
of high temperature operation, insulation of the weapon 
skin and the internal components witl be necessary, and 
may take the form of a double skin, thermos flask, 
type of insulation. 

The components used would all be rated at the 
maximum possible temperature and their physical 
location decided as much from thermal aspects as from 
any other. 

The weapon temperature control system will be 
decided by the role of aircraft and weapon combined. 
It may not be possible to limit the application of temper- 
ature control to the weapon, to the time for which the 
electronics is Operational, as the maximum permissible 
temperature in the units may have been exceeded before 
switching on. The design of the weapon temperature 
control system cannot be begun in earnest until its role 
is finally established, and it cannot be finalised unless 
complete control can be maintained over the thermal 
design of its internal components. The work involved 
will be lengthy and tedious if the optimum system is 
to be obtained. 


8.2. METHOD OF TEMPERATURE CONTROL 

As the second law of thermodynamics cannot be 
changed, it is impossible to reject heat from the aircraft 
to the surrounding air without doing some work. The 
aircraft fuel or, for very short transient cases, the aircraft 
structure, may be used as heat sinks, but in general it 
will be necessary to provide an artificial heat sink in 
the aircraft. 

There are five possible ways in which they may be 
provided, which can be used either individually or as a 
combination. They are: — 

Vaporisation of a suitable liquid. 

Use of the aircraft fuel as a coolant. 

Insulation of the aircraft structure, and so on. 

Refrigeration systems using conventional refri- 

gerants and methods. 

5. Cold air unit systems, using ram air or engine 
compressor bleed air to drive a turbine and 
extract work. 


8.2.1. Vaporisation of a suitable liquid 

This system utilises the latent heat of vaporisation 
of a suitable fluid at a given temperature as a means of 
removing heat from the unit requiring temperature 
control. 

Three fluids which could be used in such a system 
are listed in Table I. 

It is obvious that at normal temperatures the most 
satisfactory evaporative coolant is water. It has a latent 
heat 1:6 times that of ammonia, and a specific gravity 
1-45 times that of ammonia. Thus to remove a given 
quantity of heat would require 60 per cent the weight 
of ammonia and 43 per cent the volume of the ammonia, 
if water were used. However, the higher temperature 
of water might not always be acceptable and in this 
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TABLE I 
ies Boiling point °C 
Latent 
Fluid Shes At At | At At 
C.H.U. Ib. 30.000 ft. 50,000 ft. 70.000 ft. — 

Water 560 69 49 31 9 
Ammonia 340 —55 —69 —8l —94 
Methyl 

Alcohol 260 a7 20 3 —16 


Ammonia will boil at 15°C when under a pressure of 
106 1b./in.? absolute. 


case the choice lies between a pressurised ammonia 
system or an evacuated water system. 


8.2.2. Fuel cooling 

In this system the engine fuel is used as a heat sink. 
The most reasonable method of using it may be to pass 
it through the equipment, heat exchangers and so forth, 
on its way from tank to engine. To immerse a heat 
source in the fuel tank would be dangerous, especially 
in the case of low fuel content at the end of a flight. 

The cooling potential of the fuel is closely connected 
to its initial temperature. Assuming that the fuel can 
be heated to 100°C. the cooling potential will be halved 
if the initial fuel temperature is 50°C. relative to an 
initial temperature of 0°C. 


8.2.3. Insulation 

Thermal insulation of the aircraft and components 
is only a palliative. It can be used to reduce or even 
remove (for very short transients) the requirement for 
a temperature control system. 

If the aircraft structure is designed from materials 
with high temperature properties, then insulation will 
ensure small temperature gradients and thus less thermal 
shock and stressing. If, however, the normally accepted 
materials of aircraft. construction are used, then 
insulation in itself will only supply the answer for very 
short duration bursts at high speed. Insulation is 
probably the only form of temperature control required 
for fuel tank and rocket motors. 

There are a variety of insulations available and their 
properties as lagging must be weighed against their 
properties as regards surface finish wear, and ease of 
production. The most effective insulation would be a 
thermos flask type, with two metallic skins forming an 
evacuated or low pressure area of stagnant air over the 
whole aircraft. This, however, imposes severe structural 
and manufacturing problems and will not be considered 
here. 

The use of foamed plastics is attractive as they can 
be readily formed on the surface and will adhere very 
tightly to it. 


8.2.4. Conventional refrigeration methods 

This system utilises the normal commercial type of 
refrigeration process, vapour-compression cycle, absorp- 
tion cycle or even ejector refrigeration cycle. 

The main disadvantage of the conventional refriger- 
ation system is their high weight/refrigeration ratio. 
They occupy large volumes and have poor accessibility 
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and removability in an aircraft, but they require only 
small amounts of ram air relative to a cold air unit 
system. The condenser might use a water evaporator 
or engine fuel as a heat sink, as the use of ram air will 
involve high system pressures in the refrigeration system. 

The overall weight of a refrigeration system may 
mean that it cannot compete on overall horse power, 
with an air cycle system. A vapour-compression 
system for a ** Constellation’ would weigh about 58 Ib. 
per ton of refrigeration against 25 lb. per ton of refriger- 
ation for an air cycle system. 

A conventional refrigeration system is most readily 
applicable to cooling the air crew, the electronic equip- 
ment and airborne guided weapons. It could be used 
for local structure and control cooling, but the expense 
in weight and power may prove to be excessive for its 
use in this context. 


8.2.5. Cold air unit systems 

In a cold air unit system the air (ram or engine 
bleed) is passed through a turbine, which extracts work 
from the air as it expands, thus cooling it. The turbine 
drives a compressor (or fan) to take up the energy it 
has received. This compressor can be used to suck 
ram air through heat exchangers or to suck the air out 
of the compartment being cooled and discharge it into 
the atmosphere. 

A two-stage system might be used in which one 
stage (of turbine and compressor) cools the air (by an 
air-air heat exchanger) before it enters the other turbine. 
Other forms of pre-cooling which can be used are: — 

() Ram air cooling of compressor bleed air. 

(ii) Water/air evaporation cooling of the air before 

entry to the turbine. 

(iii) Fuel cooling of the air before entry to the 

turbine. 

Ram-air-powered cold air units will give satisfactory 
operation at flight speeds above a Mach number of 0-7, 
but they do not become fully effective until M=1-5. 

It is likely that ram air cold air units will only be 
used for aircraft at speeds higher than a Mach number 
of 1-3 and that for speeds below this the engine bleed 
system will be used. Engine compressor bleed is unlikely 
to be used at speeds greater than about M —3-0, as the 
power plant may then be a ram-jet or without a com- 
pressor, unless considerably higher engine turbine 
temperatures can be tolerated. 

Cold air unit systems are light, easy to install and 
maintain, and they cool the actual medium required for 
air crew conditioning. In that they swallow ram air, 
they have a large momentum drag power loss which 
has to be supplied by the aircraft engines. This 
momentum drag can be reduced by discharging the air 
axially rearwards and, by careful design, it could be 
reduced to a negligible quantity as the net result of the 
compressor and turbine inefficiencies, and the heat 
addition might be zero or even positive, thus producing 
a net thrust in the case when the compressor discharges 
the cooling air from the compartment to the atmosphere. 
This is unlikely to occur unless an extremely sensitive 
intake is designed, involving a variable bullet, and so 
on, so that it operates critically at all Mach numbers, 
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Cold air unit systems are most suitable for air crew, 
electronics and airborne weapon cooling; especially in 
cases where air is the final cooling medium. 


8.3. SELECTION OF COOLING METHODS 

The engine horse power required to operate and 
carry the temperature control system in high speed 
aircraft is one of the principal factors influencing the 
selection of a particular type of system. The system 
installed in the Bell X-3 is reputed to require 2,600 h.p. 
for its Operation at maximum conditions. 

The horse power required to carry and operate a 
temperature control system in a given aircraft at constant 
Mach number is amenable to calculation, and tedious 
calculations will be necessary as no general picture can 
be given as to which temperature control system is the 
obvious choice. The full horse power required to carry 
and operate the system cannot be obtained until full 
aircraft performance, engine performance, equipment 
performance, and weapon performance have been 
obtained. The controlling factors determining the value 
of each system are the maximum tolerable temperature, 
and the duration of the temperature control require- 
ments. In some cases (air crew) the final medium to be 
cooled (air) dictates which system will be adopted. 

Summarising the present position, the need for refri- 
geration, although known in the initial design stages, 
can only be specified after the majority of the design 
parameters have been decided. Clearly the process of 
successive approximation must be adopted and a not 
inconsiderable amount of redesign expected. However, 
as experience is gained more attention will be given, in 
fact must be given, to the thermal requirements of 
equipment in the initial design stages. Higher temper- 
atures must be withstood and this development must 
proceed side by side with more efficient cooling systems. 

As packaging is generally more dense in weapons 
than in the aircraft due to space limitations, the need to 
study weapon temperature control loadings will be more 
acute and in this field the digital and analogue compu- 
tors or heat simulators have an important part to play. 
In fact, for problems of transient heating simulators are 
probably the best approach. 

Of the new cooling methods which may be expected 
to be adopted in the not too distant future, transpiration 
cooling may have a future, although it has not been an 
outstanding success up to the present, also film cooling 
is a possibility but is handicapped by the weight of 
expendable coolant. A meteorological technique of 
melting the nose of the missile may or may not gain 
favour, but particularly for weapons which need 
radomes for the nose it is clear that the problem is one 
which will involve much development before a generally 
satisfactory solution is obtained. 
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1. Introduction 

The All-Day Discussion on Supersonic Flight was 
of particular interest as it provided, perhaps for the first 
time, an opportunity for the exchange of ideas, informa- 
tion and experiences on a broad series of subjects 
common to both guided weapon and aircraft design. 
The attendance at the meeting was large and representa- 
tives of practically all branches of aeronautical 
engineering were present. This being so it is not 
surprising that the subjects covered by the discussion 
ranged far and wide. The reporter of the discussion 
therefore begs the indulgence of those who were present 
if it seems that he has missed some of the points that 
were made and over-emphasised others. 

The time-table for the meeting provided a period 
for discussion at the end of each of the four papers and 
a period for general discussion at the conclusion of the 
meeting. As there was, of necessity, a certain amount 
of overlap between the papers there was a correspond- 
ing overlap in the subjects covered in each of the 
discussion periods. No attempt will therefore be made 
to cover the points discussed in the actual sequence in 
which they were raised. 

At the beginning of the meeting the Chairman 
(Mr. G. W. H. Gardner, Fellow) defined the terms 
transonic, supersonic and hypersonic to avoid confusion 
during the discussion and although such definitions 
must always be somewhat arbitrary, it is as well to start 
this report of the discussion by repeating his definitions. 
Transonic is defined as being the range of speeds in 
which a body passing through air experiences mixed 
flow, i.e. some subsonic and some supersonic. For 
conventional aeroplanes this covers a Mach number 
range from about 0°85 to 1-2, but the range will clearly 
depend on the particular configuration. Above a Mach 
number of about 1:2 the flow past a body is mainly 
supersonic and the difficulty is to define where the 
supersonic range ends and the hypersonic starts. 
Several definitions are in current use for the hypersonic 
range, but the most commonly accepted appears to be 
to say that transition from supersonic to hypersonic flow 
occurs where the linear approximations of supersonic 
flow begin to break down. This generally occurs at 
Mach numbers of the order of 4 or 5. 


2. Aerodynamics 
2.1. LIMITATION OF THEORY 

In all aerodynamic theory it is vital that the theory 
should correspond to the physical picture of the flow 
and the first speaker in the discussion pointed out that 
the basic reasons for disagreement between theory and 
experiment at supersonic speeds were the breakdown of 


linearised theory and the incorrect formulation of the 
problems, together with the application of incorrect 
boundary conditions. The need for a basic under- 
standing of the physical picture of supersonic flow in 
three dimensions was emphasised and reference was 
made to the important work being done at the Royal 
Aircraft Establishment by Kiichemann and Maskell. 
This understanding of the flow phenomena is necessary 
not only to establish the theoretical background, but 
also to assist in those cases where it is not possible to 
design by theoretical methods. 


2.2. WINGS 

The relative merits of sharp and blunt leading edges 
for supersonic wings were briefly discussed. Mr. 
Duncton’s paper implied that it might be preferable to 
have a rounded leading edge if the leading edge is 
subsonic and a sharp one if it is supersonic. It was 
suggested that there are several good reasons for having 
it the other way round. With a sharp subsonic leading 
edge the lift curve slope may be better and this could 
result in a lower induced drag. For a wing with a 
supersonic leading edge a rounded leading edge may be 
preferable as the heat transfer problem is not so severe. 

On the subject of lift/drag ratio it was suggested 
that unless a lift/drag ratio of at least 8 could be 
obtained, there was little prospect of building supersonic 
civil aircraft. 


2.3. STABILITY 

Many of the speakers in the discussion referred to 
the use of mechanical and electrical devices to provide 
synthetic stability. The need for such devices arises 
because of the loss of stability due to the increase of 
inertia forces, as compared with the aerodynamic forces 
at high speeds and high altitudes. It was felt that the 
present position on stability is similar to that on control 
at the end of the last war, i.e. reliance must be placed 
on servo assistance and it is realised that full mechanisa- 
tion must eventually be provided. While most designers 
are agreed on the necessity for synthetic stability, they 
are reluctant to place full reliance on the necessary 
“black boxes”. The feeling is that until the “ black 
boxes’ are much more reliable the fail safe concept 
must always be applied in the design and it must always 
be possible for the aircraft to return to base safely 
should there be a failure of any part of the synthetic 
stability system. 


3. Power Plants 
3.1. CHOICE OF POWER PLANT 

Many of the speakers in the discussion considered 
the question of mixed versus hybrid power plants. The 
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difficulties in the choice of power plant were illustrated 
by the fact that for a ram-jet civil aircraft to cruise at a 
Mach number of 3 to 4 with an all-up weight of 
150,000 Ib., the thrust necessary for take-off and 
acceleration would be equivalent to several V2 rockets. 
This seems to be an impracticable solution and one 
speaker thought that gas turbines would be necessary 
for the take-off and landing conditions. Another speaker 
suggested that there would be no difficulty in the use of 
pure turbo-jets for Mach numbers up to 2}. At speeds 
greater than this, the pure turbine was of no use and 
thus he agreed that either hybrid engines or mixed 
power plants would be needed. The choice of the 
power plant depended on a large number of factors and 
the fuel consumption during the acceleration period was 
of great importance. For any particular application it 
would be necessary to consider whether it was prefer- 
able to carry around the dead weight of the turbo-jet 
used for acceleration while the aircraft was on its high 
speed cruise, or whether the great weight of rocket fuel 
could be tolerated in view of the low weight of the 
rocket motor itself. Regarding the choice of power 
plant it was pointed out that for a given range, the 
question of (engine +fuel) weight was vital, but for 
supersonic flight the question of (engine + fuel) volume 
would also be a most important factor. 

There was some discussion of the types of power 
plant upon which development should be concentrated. 
Some speakers felt that with Great Britain’s limited 
resources there should be no development of an engine 
for which there was no immediate application. Other 
speakers felt that for the hybrid power plants which had 
been mentioned there were possible applications and 
that if such engines were developed, the practical 
applications would follow. Comments were made on 
the operational speed range of some types of engines, 
particular reference being made to the ram-jet which 
would appear to be useful at Mach numbers from about 
1 to 4. Although this could hardly be described as a 
narrow speed range, the fact that the engine gives zero 
thrust at zero speed is a distinct disadvantage. 


There was some suggestion that there were different 
requirements for power plants for civil and military 
applications, but it was generally agreed that for a given 
speed range the requirements were almost identical. 


3.2. POWER PLANT RESEARCH 


Much research has been conducted on the subject of 
air intakes and a considerable amount of information is 
now available on this subject. It was felt, however, that 
insufficient attention had been paid to exhaust nozzles, 
particularly those with variable throat areas. Another 
field in which it was suggested that much more research 
was necessary was engine control. Here, a large number 
of variables are involved, e.g. engine fuel, reheat fuel, 
variable intake, variable exhaust and engine speed, and 
all of these must be controlled at altitudes from sea 
level to 80,000 ft. or more and at Mach numbers from 
0 to possibly 4. The design of an engine control unit 
to cope with all these parameters is a difficult task, 


3.3. ATOMIC POWER 

It is clear that atomic power for aircraft is a 
possibility which is rapidly approaching accomplish- 
ment. This is a subject upon which little information 
has been given in lectures to the Society. It was. 
therefore, all the more interesting to hear one of the 
speakers quoting dimensions of reactors. On the basis 
of the Harwell reactor, if it could be assumed that the 
reactor can be designed to go into a space 3 ft. in 
diameter, the amount of shielding which would be 
required is 6 in. of steel and 6 ft. of concrete. The 
weight of this would be about 500,000 Ib. If, however, 
a partial or “shadow” shield were used which gave 
protection in the direction of the pilot and crew 
compartments only, it might be possible to reduce the 
weight of the shield to about 100,000 lb. This would 
suggest that the all-up weight of the aircraft would have 
to be of the order of 200,000 Ib. As a rough rule, at a 
Mach number of 24 the propulsive power required is 
about one megawatt of heat per 1,000 Ib. all-up weight. 
It follows, therefore, that in order to propel this 
aircraft it would be necessary to extract roughly 200 
megawatts from the reactor. This can be compared 
with the output of the reactor intended for installation 
at Dounreay on the north coast of Scotland which is 
designed for an output of 60 megawatts. This reactor 
is roughly 2 ft. in diameter and 2 ft. long. It is interest- 
ing to reflect that from such a reactor we should be 
trying to abstract the equivalent heat output of 
200,000 domestic electric fires from a space no bigger 
than a dustbin. 


4. Aeroelasticity 
4.1. CONTROL REVERSAL 


It was clear that many of the speakers were worried 
by the problems of control reversal and had been giving 
thought to alternative forms of control which would 
avoid the difficulties inherent in the conventional trail- 
ing edge control. Reference was made to a suggestion 
by Professor Collar (see JoURNAL of the Royal Aero- 
nautical Society, July 1956, p. 475) that a flap control 
could be devised with leading and trailing edge surfaces 
geared together to produce an effect equivalent to a 
change in camber. With suitable design this could be 
arranged in such a way that there was no loss in control 
due to wing twist. It was suggested that many people 
would be hesitant to introduce a further complication 
of this type. At the present time, however, many 
aircraft use leading edge flaps and the problem is simply 
one of coupling the leading edge flaps with a conven- 
tional aileron. Another possibility which has been 
suggested to overcome reversal difficulties is inboard 
controls. These show up to best effect on a swept 
wing. but difficulties again arise because the twisting 
effects near the body are carried outboard and can be 
magnified if the wing is flying near the divergence speed. 


4.2. FLUTTER 

Some new types of flutter must be prevented at 
supersonic speeds or on supersonic configurations. The 
suggestion that an automatic control could be used to 
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counteract flutter was questioned on the grounds that 
flutter frequencies involved were likely to be consider- 
ably greater than those at which a control system was 
likely to respond. A speaker from the guided weapon 
industry thought, however, that this under-estimated 
the progress which had been made in the production of 
fast servo-mechanisms. 


5. Choice of Materials 

In the part of the discussion concerning choice of 
materials it was clear that as yet insufficient is known 
of the engineering properties of titanium. There was 
some controversy as to whether titanium was suitable 
for welding and, again, whether it was suitable for 
machining. From the forming point of view one 
speaker claimed that his firm had achieved better 
components than similar ones made of light alloys. 
They had also found that titanium machined quite as 
well as the steels which would be considered for 
aircraft use. 

The choice of material depends very much on 
whether a design is being made for strength or stiffness. 
For a wing. for example, the question of strength or 
stiffness would depend on the role of the aeroplane. 
For a bomber or civil aircraft with a low normal 
acceleration factor the strength problem is not so 
critical and stiffness is generally the chief problem. In 
the fighter type of aeroplane the requirements of 
strength can predominate over stiffness. Generalisations 
are not possible. however, as much depends on the plan 
form of the wing. 

Another factor strongly affecting the choice of 
materials is the problem of heat transfer. The skin of 
ap aircraft can reach saturation temperature in a very 
short time, while parts of the structure within the 
aircraft’s envelope may not heat up appreciably in the 
duration of the flight. The problem of the resulting 
thermal stresses emphasises that there is no one best 
material and aircraft structures of the future will not 
be monolithic. 

There were surprisingly few references to the 
problems of fatigue. This is probably accounted for 
by the fact that this subject was covered in an All-Day 
meeting earlier this year (see JOURNAL of the Royal 
Aeronautical Society, May 1956). It was mentioned 
however, that fatigue requirements vary enormously 
according to the mission of the vehicle: a civil aircraft 
would need good fatigue properties whereas in a missile 
having a very short flight life it might be possible to 
ignore fatigue completely. 


6. Testing 
6.1. WIND TUNNEL TESTING 
It had been stated that there was a lack of tunnel 
time available in the United Kingdom, but speakers in 
the discussion felt that this was not true. The 
restriction seemed to be on the ability to make models 
quickly and on the shortage of tunnel staff. Several 
large tunnels were not running at anything like full time. 
The importance of ad hoc testing was emphasised 
by one speaker who thought that insufficient was being 
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done in the United Kingdom at the present time. He 
stressed that the reporting of such tests must always be 
detailed and of a high standard as it is not always 
possible to consult the person responsible for the tests 
to obtain information which has been omitted. 


6.2. STRUCTURAL TESTING 

Several speakers referred to methods used for flutter 
clearance. In this country the practice is to use rocket 
models supplemented by analytical calculations. This 
appears to be at variance with the practice in the United 
States where the primary method is the use of transonic 
wind tunnel models. This latter practice appears to be 
coupled with the belief that the transonic condition is 
the most severe from the point of view of flutter. It is 
felt. however, that transonic testing alone is not 
adequate as there are other types of flutter which occur 
at low supersonic speeds. Reference was also made to 
the use of wing flow tests, the free fall technique and 
the possibility of towed models for flutter testing at 
high speeds. 

Mention was made of the difficulties of testing 
thermal effects on structures. The very high heat inputs 
required present considerable difficulties, both in the 
supply of power and in the actual heating arrangements. 
No new suggestions were made for ways in which these 
difficulties could be overcome. 


6.3. POWER PLANT TESTING 

For some time past there has been a lack of 
facilities for testing power plants under simulated 
altitude conditions, although recently more progress has 
been made. It was pointed out that this is not the full 
solution or even the best, as for all engines it is neces- 
sary. in the words of the popular song, to “ shake, 
rattle and roll”. It was, therefore, suggested that flying 
test beds were essential for development work. The 
present practice is to use existing aircraft for such work. 
but one speaker wondered whether it would be 
necessary to design and build aircraft especially for 
testing engines under extremely high speed and altitude 
conditions. He thought that this could easily be done, 
using plenty of rocket boost. 


6.4. FLIGHT TESTING 

Flight testing is a long job to which there can be no 
short cuts and it requires both specialised techniques 
and special instrumentation. For the number of proto- 
types which any one firm constructs it would seem to be 
inefficient for the firm to build up its own flight test 
team. It was suggested that the time has now come 
when co-operative flight test teams should be set up. 
These could be administered in a manner similar to the 
co-operative wind tunnels at A.R.A., Bedford. An 
alternative would be for the Ministry of Supply to 
provide the facilities and staff. 


7. Other Problems 
7.1. PACKING DENSITY 


Much interest was shown in the question of packing 
density, particularly in connection with the very high 
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densities which have been achieved in guided weapons 
and with which aircraft generally compare quite 
unfavourably. One speaker suggested that for civil 
aircraft packing densities in terms of pounds per cubic 
foot were not necessarily the most important criteria. 
He felt that for civil aircraft it was necessary to find 
fuselage shapes which gave an absolute maximum for 
the volume/surface ratio. A later speaker pointed out 
that this implied the curious conclusion that supersonic 
fuselages should be spherical. One speaker suggested 
that for an aircraft, to put the engine in the middle of 
the fuselage, make a long pipe to let the air in and 
nearly as long a pipe to let the air out, was not a good 
way of producing a high packing density. 


7.2. RESEARCH AIRCRAFT AND MISSILES 

There are two major steps in the development of 
high speed aeroplanes and missiles. The first is a good 
design study and the second is the building of research 
aircraft. The research aircraft is the simplest exercise 
in meeting certain set conditions and because of the 
simple construction, compared with an operational 
aircraft, it costs only a third to a tenth as much as an 
operational aircraft and takes a much shorter time to 
construct. It was, therefore, suggested that firms should 
make greater use of opportunities to construct such 
aircraft. There may be little value in building a 
research aeroplane unless the configuration is one 
which could be adapted for a particular military or civil 
use. Caution should be exercised, however, as many 
difficulties have been encountered in attempts to convert 
purely research aircraft and missiles to operational use. 


7.3. WEAPONS SYSTEM CONCEPT 

There were several references to the so-called 
weapons system concept. There seemed to be much 
confusion as to the meaning of this term, and it was 
stressed by those working in the guided weapon field 
(and also by the Chairman) that it implied consideration 
of all aspects of the military mission of which the 
aeroplane itself represented only a part. The designer 
of the system should concern himself with every aspect 
of the mission and this brought in its train the need for 
staff having a broad field of view, but at the same time 
specialists would be required on many aspects which 
have not been covered by design teams in the past. 


SUPERSONIC FLIGHT—DISCUSSION 


Major design features of the aeroplane itself could result 
from system considerations thus introduced in the 
design stage. 


7.4. OPTIMISATION 

The use of the term “ optimisation” was severely 
criticised by several speakers since they felt that all 
designing was optimisation. It was suggested that 
more important than optimisation was to know how far 
one could depart from the optimum without introducing 
serious errors. The limitations of the optimisation 
process were pointed out in that it is often difficult to 
consider every factor which is related to the problem 
under consideration, although if a true optimum were 
to be achieved this must be done. One speaker referred 
to the alternative to optimisation which he called 
“ Hobsonisation ”. in which the designer takes the only 
course open and is thankful that this course exists. 


7.5. COOLING 

Cooling is a problem which was mentioned by a 
number of speakers. In connection with the cooling of 
equipment, it is important to know the precise location 
of the hot spots so that the coolant can be directed to 
them. In this way considerable economy in coolant 
can be effected. 

Reference was made to the possibility of using 
engine fuel as a coolant. It was pointed out that as the 
fuel is eventually thrown overboard in any case, it is-no 
loss to use it as a coolant. Additionally, by this means 
some of the heat generated at high speeds could be 
transformed into useful work in the power plant. If 
this method of cooling were adopted, however, it would 
be necessary to develop engines to accept fuel in a 
gaseous form. 


7.6. NOISE 

A number of references were made to the question 
of noise, which one speaker referred to as being “a most 
burning problem”. He could not visualise supersonic 
aeroplanes operating from London Airport or Idlewild 
if the engines used were in any way comparable to those 
currently being used for supersonic flight. This would 
lead to the awkward problem of special sites from 
which to operate such aeroplanes and, associated with 
this, the problem of transport to these special sites. 
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THE ROYAL AERONAUTICAL SOCIETY 
and THE INSTITUTE OF PHYSICS (Stress Analysis Group) 


JOINT CONFERENCE 


College of Aeronautics, Cranfield 


19th - 21st September 1956 


CONFERENCE was held by the Institute of 
A Physics Stress Analysis Group in conjunction 
with the Society at the College of Aeronautics, 
Cranfield, from the 19th to the 21st of September, to 
bring together physicists and aeronautical engineers to 
hear papers on, and to discuss, subjects of joint interest. 
Fortunately these dates coincided with a brief Indian 
Summer, so that the walks between the residential Halls 
and the lecture room were a pleasure. 

The main burden of registration was undertaken by 
the Institute of Physics as this was the Annual 
Conference of the Stress Analysis Group, but members 
of the Society’s technical staff were available at 
Cranfield to help with the reception of delegates and to 
answer the various queries. The programme of lectures 
and discussions was carried out smoothly under the 
guidance of the appropriate chairman for the day. Titles 
of the papers read, with the names of authors, are given 
ai the end of this article. 

Although the Conference was for members of the 
Institute and the Society, it was found possible to admit 
a number of other interested delegates. Membership 
was approximately 130 with average attendances each 
day of more than a hundred. Among the delegates 
were representatives of many industrial organisations, 
Research Establishments and the Universities. Countries 
represented at the Conference included Australia, 
Germany, Sweden and the U.S.A. 


Wednesday 19th September 


TEMPERATURE EFFECTS AND 
EXTENSOMETRY 


The Conference opened with an Address by the 
President of the Royal Aeronautical Society, Mr. E. T. 
Jones, who was introduced by the Chairman for that 
day, Mr. E. K. Frankl. who is chairman of the Stress 
Analysis Group of the Institute of Physics. The 
President stressed the importance of continued col- 
laboration between the physicist and the engineer. 
particularly on the complex problems that were 
continually arising with the rapid advance of aero- 
nautical science. It was up to the physicist to help the 
aeronautical engineer with such problems as stress 
analysis, crack propagation, kinetic heating and jet 


noise. He hoped that the Conference would foster 
understanding between them and give them an 
opportunity to discuss these problems. 

The first group of papers which followed the 
opening Session, dealt with the effects of temperature 
on aircraft structures. Details were given of experi- 
mental techniques developed at the Royal Aircraft 
Establishment, Farnborough, for the laboratory testing 
of such structures under simulated kinetic heating 
conditions. Due to the usual complexity of theoretical 
analysis of the various kinetic heating problems in 
aircraft structures, experimental methods such as these 
for thermal testing were most valuable. A brief survey 
of general analytical methods for the determination of 
temperature distribution was presented, and reference 
was made to the order of thermal stresses likely to arise, 
and to the problem of thermal buckling. Data were 
given on some relevant physical and mechanical proper- 
ties of various materials, but more data on these were 
needed. 

The evaluation of stress from strain gauge readings 
on structures subjected to heating could be a difficult 
problem. The normal temperature compensation pro- 
cedure using dummy gauges on unloaded strips of 
material was not suitable for transient temperature 
conditions, and a method was proposed in which the 
so-called dummy gauge was attached directly to the 
specimen. For determination of the stresses in the 
material under these conditions, a knowledge was 
required of various material properties under transient 
temperatures. It was shown how the method could be 
extended to separate the stresses due to kinetic heating 
from those due to the applied loading. 

During the discussion on these papers, it was pointed 
out that although the heat from an infra-red lamp was 
not always uniform along the length of the lamp, a 
sufficiently uniform heat could be produced on a test 
specimen by placing a large array of lamps a few inches 
from the surface. 

Tests involving surface cooling also presented 
certain problems, for instance that of accurate measure- 
ment of the cooling rate. 

The closing session of the first day was devoted to 
papers on extensometry, beginning with a_ brief 
historical survey on the subject and details of the 
various types of extensometers in use today, their 
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applications and methods of calibration. Details were 
given of work undertaken on a Lamb type roller 
extensometer in order to improve its sensitivity and 
repeatability. Apart from improvement of the rollers 
and bearing faces, it was shown that the addition of an 
extra sliding unit below the coil spring could have very 
beneficial effects. 

Methods were described for measuring the shear, 
circumferential and longitudinal strain of a thin-walled 
closed-ended tube subjected to torque and _ internal 
pressure, by a simple mirror system, the Solex pneumatic 
system and microscopes with micrometer eyepieces 
respectively. Examples of the application of the Solex 
instrument were given, and also of the Johansson 
extensometer. 


Thursday 20th September 
JET EFFLUX 


Under the chairmanship of Dr. P. B. Walker, Head 
of the Structures Department at R.A.E., the major part 
of the second day of the Conference was taken up with 
a Symposium on “ Jet Efflux”. A previous symposium 
on “ Aeronautical Acoustics” held by the Society in 
1953 covered the more fundamental aspects of the 
noise problem, whereas the present one dealt with the 
magnitude and frequency of the pressure changes 
experienced near to a jet engine, the response of the 
aircraft structure to these oscillations, and possible 
methods of alleviating the troubles so caused. It is 
hoped to publish in the JOURNAL in the near future 
short versions of the papers read during the symposium, 
together with a summary of the ensuing discussion. 

The proceedings that day concluded with a paper 
reviewing current methods of experimental stress 
analysis in the U.S.A. and Canada. The most 
interesting developments were the improvements that 
had been made in such established methods as electrical 
resistance strain gauges, photoelasticity, brittle coatings 
and electrical analogies. 


Friday 21st September 


CRACK PROPAGATION AND 
INSTRUMENTATION 


The sessions on the last day were held under the 
chairmanship of Mr. J. Taylor, Head of the Structural 
Research and Fatigue Division of the Structures 
Department at R.A.E., and opened with a group of 
papers on crack propagation with particular reference 
to fatigue cracks. It was pointed out that crack 
growth may be divided into two stages, stable and 
unstable, the rate of unstable growth being of the order 
of 10° times that of the stable growth. It would be 
advantageous to know where the dividing line came 
between these stages. If it were known, it would be 
possible to design “ fail safe” structures which would 
tolerate, without failure, the existence of cracks until 
they were large enough to be found by inspection. The 
rate of growth of stable cracks had been studied in the 


fatigue case in an attempt to find the point at which it 
became unstable, but this could not easily be specified. 

In tests on thin flat plates of high strength 
aluminium alloys, observable local yield near the crack 
roots accompanied the approach of crack instability, 
and a proposed relationship between the failing stress 
o and crack length / is «* (/+6)= constant, where 4 is a 
constant for the material and / > 6. 

A description was given of tests made on flat plate 
specimens under uniaxial stress with the crack running 
transverse to the direction of loading. Four different 
aluminium alloys were used for the specimens in order 
to determine the conditions for the onset of fast crack 
propagation in each case. For the materials used it 
was found that the tear resistance in descending order 
was 2024-T3 (clad), D.T.D. 710, D.T.D. 746, and 
D.T.D. 687. Other conclusions were that the critical 
crack length was the same for both cyclic and sustained 
loading, and that in the case of a plate containing a 
cracked unreinforced cut-out, the effective crack length 
was the overall dimension across the crack and the 
cut-out. 

During the discussion reference was made to the 
photoelastic work being done at University College, 
London, on simulated cracks, using a slot with a small 
diameter hole drilled at each end. High stresses were 
observed in the regions round the ends of the crack. 
As the ratio of diameter of hole to crack length was 
increased, the stress concentration factor at the ends 
decreased. 

Apparently there had been no experimental work on 
the effect of cracks in regions of shear stress but a 
theoretical solution had been presented at the Applied 
Mechanics Congress in Brussels in September 1956. 

Tests had been made on mild steel rotating bending 
fatigue specimens to determine the effect of periodic 
polishing on the life of the specimen. It was found that 
the life could be prolonged to several times its normal 
life by periodically stopping the test and polishing the 
specimen with emery paper. The object of this was to 
remove the damaged material on the surface of the 
specimen. If, however, the whole of the damaged 
material was not removed, the fatigue process would 
continue as in an unpolished specimen. The boundary 
between the damaged and undamaged material could be 
termed the “damage front”, and curves of damage 
front position versus number of cycles could be used to 
predict failure of specimens subjected to cyclic stresses 
of varying amplitude. The damaged material extended 
beyond the tip of the actual crack, and the relative 
positions of the damage front and crack tip were 
discussed. So far as was known this type of test had 
not yet been applied to “ push-pull ” fatigue specimens. 

The morning session concluded with a paper on the 
measurement of strains in notched and _ cracked 
aluminium alloy sheets. A new technique being 
developed at the R.A.E. entailed the scribing of a 
system of fine lines on the surface of the specimen, 
taking wax replicas at successive loads and comparing 
these optically at high magnification. This technique 
was designed to be self-compensating for temperature 
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changes in the specimen, and was capable of determin- 
ing displacements to one micron (10 * mm.). There was 
iittle difficulty in identifying scratch lines on the replicas, 
except perhaps in the plastic range when the appearance 
of the lines was altered. It was considered unlikely 
that any of the lines would cause fatigue trouble in the 
specimen. So far experiments had only been carried 
out on flat plates, so that the effect of specimen 
curvature on the accuracy of the technique was not 
known. 

A paper on temperature compensation of electrical 
resistance strain gauges described experiments to enable 
self-compensating gauges to be manufactured that 
would enable measurement to be made of slow changes 
of strain at steady and transient temperatures, of around 
250°C. Gauges were made with different proportions 
of Nichrome and Constantan wire in order to obtain 
the desired characteristics. The Bakelite cements used 
in these gauges had not shown significant variation in 
insulation resistance up to temperatures of 250°C. 
Provided that the cement used to attach the gauge to the 
test specimen was cured at a temperature well above the 
Maximum test temperature, there was little trouble due 
to relative slip between the gauge and the specimen. 

Two papers on instrumentation dealt with a design 
for a self-balancing and recording bridge and a device 
for converting voltages into digital notation to facilitate 
recording and reading of test data, both on the ground 
and in the air. The system of bridge balancing 
involved the use of a combination of parallel resistors 
as the variable arm of the bridge. The combination of 
resistors required to find balance was a binary com- 
bination and could therefore be recorded directly. 
without any additional translating equipment. The 
principles of a closed loop servo-system were employed, 
but the servo-mechanism consisted of a group of relays, 
which gave a step-by-step mode of operation and 
allowed balance to be obtained very rapidly. 

The device for converting voltages into digital 
notation enabled stress and temperature recordings, etc. 
to be made directly in digital notation on paper tape or 
magnetic tape. These tapes could then be fed directly 
into a digital computor where corrections and calibra- 
tions were done automatically. The whole process of 
analysing test data was thus speeded up considerably. 

The conference programme was not devoted entirely 
to lectures and discussions. On one afternoon the 
delegates paid visits to the laboratories of the College, 
including those of the aerodynamics, design, materials, 
propulsion and electrical departments. All were 
impressed by the exhibits and demonstrations and a 
debt of gratitude is due to the staffs of these depart- 
ments, and to Professor W. S. Hemp in particular, for 
making the necessary arrangements. 

On the Wednesday evening two films were shown, 
the first being an American one showing the manufac- 
ture of honeycomb structure by the Glenn L. Martin 
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Company and the other, a British one that could be 
understood by both physicists and engineers alike.  [t 
was called “* Genevieve ” 

The Society is grateful to Mr. H. L. Cox. Professor 
W. S. Hemp and Dr. P. B. Walker, who undertook the 
arrangement of the lecture programme for this meeting 
on the Society’s behalf —M.E.M. 


Papers read at the R.Ae.S.—Institute of Physics 
(Stress Analysis Group) Joint Conference 


Experimental Methods in Kinetic Heating Tests. W. H. 
Horton (R.A.E., Farnborough). 

Temperature Distribution in Aircraft Structures and the 
Influence of Physical Material Properties. K. L. C. Legg 
and G. Stevens (Short Bros. and Harland Ltd., Belfast), 

Analysis of Strain Gauge Results: Transient Temper- 
ature Conditions. J. A. G. Holmes (Bristol Aircraft Ltd.), 

Extensometry with particular reference to Mechanical 
Methods. R. J. Wilkins (University College, London). 

The Calibration of a Highly Sensitive Extensometer. 
F. J. Tranter (Aeronautical Inspection Directorate, Hare- 
field). 

Some Strain Measuring Techniques for Experiments in 
Plasticity. J. Parker and S. S. Gill (University of 
Manchester). 

The Use of Solex and Johansson Extensometers together 
with a General Method of Calibration. J. H. Lamble, 
A. G. Young and E. S. Dahmoush (University of Man- 
chester). 

Jet Efflux. 

Papers ‘by 

M. O. W. Wolfe (R.A.E., Farnborough) 

R. Franklin (University of Southampton) 

D. J. Mead (University of Southampton) 

J. B. Lambie (Vickers-Armstrongs Ltd., Weybridge) 

B. L. Clarkson (de Havilland Aircraft Co. Ltd., Hatfield) 

K. W. Hetzel (Vickers-Armstrongs Ltd., Winchester). 

A Review of Recent Improvements in Methods of 
Experimental Stress Analysis in the U.S.A. and Canada. 
A. F. C. Brown (N.P.L., Teddington). 

Crack Propagation. A. A. Wells (British Welding 
Research Association, Abingdon). 

The Onset of Fast Crack Propagation in Aluminium 
Alloy Sheet Materials. C. R. Fletcher (Bristol Aircraft 
Ltd.). 

The Propagation of Fatigue Damage Measured by 
Periodic Polishing. B. K. Foster and T. F. Roylance 
(University of Nottingham). 

Strain Distribution in Notched and Cracked Sheets. 
V. M. Hickson (R.A.E., Farnborough). 

Temperature Compensation of Strain Gauges. R. D. 
Trumper and A. Fagg (Fairey Aviation Co. Ltd.). 

A Novel Design for a Self-Balancing and Recording 
Bridge. W. J. Walker (Sir W. G. Armstrong Whitworth 
Aircraft Ltd.). 

Instrumentation for Stress and Temperature Measure- 
ments. J. Arrowsmith (A. V. Roe and Co. Ltd.). 
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Crack Detection in Aircraft Structures 


Dr. 


by 


W. DECK 


(Formerly Head of the Inspection Department, Federal Aircraft Factory, 
Switzerland, now with Brown, Boveri & Co. Ltd.) 


1. Introduction 

In Switzerland aircraft often have to take off and 
land in narrow mountain valleys where a_ strong, 
irregular wind is blowing. In these circumstances one 
faulty casting may cause failure of a control; or a small 
part, if insufficiently heat-treated, may fracture and 
result in the loss of the aircraft. For this reason, 
thorough inspection during production and careful 
maintenance of the aircraft are of prime importance. 
Control within the aircraft factory consists of inspection 
of the raw materials, such as bars, sheet metal, tubes, 
castings, forgings and so on; testing of the most 
important parts during manufacture to detect cracks and 
to control the heat treatment; and the final control of 
all parts, of components and of the whole aircraft. 
Maintenance inspection reveals cracks, corrosion and 
other defects of the most important parts of the aircraft. 


2. Crack Inspection 

One aspect of control is crack inspection which is 
now discussed. Discussion is confined to the testing 
methods commonly used in Swiss aircraft factories with 
a brief mention of other methods that have been tried, 
but which are not yet used to a large extent. 

Cracks take on different forms, depending on their 
origin. During manufacture examples are found 
of shrinkage cracks and cold shuts in castings (which 
occur if the casting temperature is too low and two 
liquid metal streams are joining; at the junction this is 
often a crack caused by the oxide layers), stress cracks 
in forgings or in bars, heating cracks, quenching cracks, 
grinding cracks, compressed casting pores, laps in 
forgings, and so on. These laps in forgings are cracks 
formed during the forging operation if a portion of the 
metal is pressed on the surface of the rest of the piece. 
The oxide layer prevents good joining of the two 
surfaces, so forming a crack sometimes very fine but 
surprisingly deep. 

Maintenance inspection has to deal with fatigue 
cracks and cracks caused by impact or excessive load- 
ing. If the cracks are large enough to be seen easily 
by the inspection staff they do not represent a problem 
of crack detection. This is not usually the case and, 
moreover, the cracks sometimes lie below the surface. 
For this reason inspection methods are needed which 
will detect cracks quickly and accurately. This is of 
particular importance because of the general tendency 
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towards the utilisation of materials at higher stress 
levels and lower factors of safety. 


3. Surface Cracks 
3.1. PENETRANT METHODS 

The first group of inspection methods is called 
Penetrant Methods. They are limited to the detection 
of cracks open to the surface and the principle is shown 
in Fig. 1, which shows a crack in a part to be tested. 
First it is covered with a dye or a special oil, which 
impregnates the crack during a period of up to half an 
hour; the liquid is then removed from the surface by 
water or a solvent. Then the dye or oil remaining in 
the crack is drawn out by the blotting action of a 
powder layer or a colloidal suspension of a developing 
agent dried on the surface, and the parts are ready for 
inspection. It is obvious that the cracks must be in a 
condition to receive the penetrating agent; non- 
metallic inclusions, surface layers, varnish, dirt, and 
so on prevent the detection of cracks. The oldest 
penetrant method is the chalk test, using hot oil as 
penetrating agent and chalk as developing agent. There 
are several modern testing methods, such as Dy Check, 
Metl-Check, Verimor, Penetramor, all using a red dye 
and a white quick-drying liquid developer. It is applied 
after removal of surplus dye with a solvent, or in some 
cases with water. 

Figure 2 shows a light alloy casting tested with 
Metl-Check. The crack pattern appears in red on a 
white background. As can be seen in Fig. 3, these 
dye penetrant methods can easily be used for testing 
in the workshop and on outdoor sites, needing no 
installation. The two dye bottles and wet cotton wool 
are all that is necessary. 

For the production inspection of all non-ferrous 
parts of the aircraft, especially all light alloy castings 
and forgings, more efficient equipment was necessary. 
We have chosen Zyglo, a penetrant inspection method 
using, instead of dye, a special highly fluorescent oil 
which gives a deep penetration. The parts can be 
rinsed with water, the penetrating agent being left in 
the cracks. The inspection is conducted under ultra- 
violet light in a darkened booth. The cracks and other 
discontinuities light up like a passenger train in the 
evening landscape. They glow in brilliant contrast to 
the flawless surface from which the Zyglo agent was 
rinsed. 

Figure 4 shows in the background our Zyglo 
equipment and in the foreground some light alloy 
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castings and forgings waiting to be tested. On the 
left is the penetration tank where the parts are dipped 
in, using baskets for small parts. After dipping, the 
excess liquid is drained from the parts during the 15-30 
minutes required for penetration of the cracks. Water 
is sprayed over the parts in the rinsing tank and “ black 
light ” assures satisfactory cleaning for this operation. 
After rinsing the parts are dipped into a colloidal water 
suspension of a special developer and finally, the parts 
are dyed in the dryer unit which can be closed with a 
curtain. The inspection is conducted under “ black 
light” in this part, the curtains being drawn. 

During the past four years we have used this equip- 
ment with great success on tens of thousands of light 
alloy castings and forgings. 

There is another method for developing, the dry 
method: but for routine testing we prefer the wet 
method which has just been described. 


F+W 552013 
Ficure 3. Testing by dye penetrant method in the workshop. 
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oil which is later 
solvent; the dye or oil remaining in 
the crack is then drawn out and the 
part is ready for inspection. 


Light alloy casting 
tested with Metl-Check. 
pattern shows red on white. 


The crack 


Figure 5 shows a casting tested with Zyglo. Some 
filing was done to show the depth of the crack. 

A light alloy forging is shown in Fig. 6. To show 
the size of the parts the pictures were taken under 
visible light in addition to the ultra-violet light. During 
inspection the contrast between the brilliant crack and 
the dark surface of the parts is much greater. 

Besides Zyglo, there are other fluorescent methods 
such as, for example, Glomor, Litemor, Florosol and 
so on. 

The smallest crack that can be detected by the 
fluorescent methods under the most favourable con- 
ditions is four hundred-thousandths of an inch wide. 
The method is not restricted to non-ferrous parts; it is 
also used with advantage for the inspection of magnetic 
parts showing sharp corners or threads, since the 


Ficure 4. Zyglo equipment for testing castings and forgings. 
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Ficure 5. Casting tested with Ficure 6. Light alloy forging 


Zyglo. tested with Zyglo. 


magnetic particle method, described in the next section, 
does not give satisfactory results for such items. 


3.2. MAGNETIC METHODS 


The magnetic particle method is the best known of 
the magnetic methods. The principle of these magnetic 
methods is illustrated in Fig. 7. Here a closed iron ring 
is being magnetised by a solenoid. Most of the 
magnetic field is in the iron ring and, for simplicity, 
the field lines are not drawn. The density of the 
external magnetic field, indicated by the concentration 
of the lines in the figure, is very small. If the ring is 
cut, there is an abrupt change in permeability in the 
path of the magnetic flux flowing through the piece, 
resulting in a local flux leakage field. The same thing 
happens when a piece of magnetisable material with 
cracks is magnetised. Some of the magnetic field lines 
flowing in the longitudinal direction are bent down- 
wards, causing an increased flux density in the inner 
part of the specimen. Some of the lines bridge the gap 
through the crack in spite of its increased reluctance 
compared with that of solid metal, and some of them 
are distorted by the resistance of the gap and caused to 
pass through the air. There is also a leakage field in 
the air if the crack is below, but near, the surface. If 
the crack is situated in the direction of the magnetic 
field there is generally too little disturbance of the field 
to cause a distorted field. 

If finely divided particles of ferro-magnetic material 
are brought near, these particles offer a lower 


Figure 8. Diagram show- 

ing how to get the parts to 

be tested into the magnetic 

field of electro-magnet 
or of a coil. 


FIGURE 7. 
showing principle of 


the magnetic particle 
method. 


reluctance path to the leakage flux than does air or 
liquid, hence they tend to gather in such a field and 
under favourable conditions tend to outline its 
boundaries. This is the magnetic particle method. It 
is also possible to measure the intensity of the leakage 
field with special devices. These methods are 
discussed later. 

There are several methods of magnetising the parts 
to be tested. Fig. 8, for example, shows how it is 
possible to get the parts to be tested into the magnetic 
field of an electro-magnet or of a coil. The magnetic 
flux of the magnet in (a) flows through the crankshaft. 
Cracks situated transversely to the direction of the field 
cause a leakage field and thus can be detected. The 
figure also shows a weld being tested (5) and an axle- 
tree being put into the magnetic field of a coil (c). 

Only cracks lying transversely to the direction of 
the major axis of the parts can be detected. If there are 
longitudinal cracks to be detected the contact current 
flow is used or, the threading bar method (Fig. 9). A 
high intensity low voltage current generated by the 
transformer, for example, flows through the test piece. 
The magnetic field of the current flows in the test piece 
so that longitudinal cracks can be detected by the mag- 
netic particles. Tubes can be tested by the threading 
bar method, the current flowing through the bar. The 
magnetic field near the bar is concentrated in the tube, 
thus serving to detect longitudinal cracks. To detect 
all possible cracks, a piece must generally be mag- 
netised in two or three directions. 

It is impossible to deal here with all the different 
methods, but there is special equipment with which it 
is possible to detect cracks in any direction in one 


Ficure 9. The contact current flow and threading bar 
methods used for detecting longitudinal cracks. 
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Ficure 11. A welded joint on an engine mounting being tested 
with a portable “Sempun”™ flaw detector. 


Ficure 12. Forgings, bolts and finished parts ready for testing 
by the Magnaglo unit. 


Ficure 13. A Siemens unit fitted with the Magnaglo system 
for testing bars and long tubes. 


Ficure 14. A steel forging tested with Magnaglo; the white 
lines are cracks. 


WW 
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Ficure 10. Diagram showing the principle of special 
equipment for detecting cracks in any direction in one 
operation. 


operation. Unfortunately we do not possess this equip- 
ment. Fig. 10 shows the principle of this method. The 
magnetic field of an electro-magnet, energised by a 
direct current, and the alternating current of a trans- 
former are flowing simultaneously through the piece 
to be tested. There is a small isolation layer through 
which the magnetic field can pass, but not the current. 
The constant magnetic field of the magnet and the 
alternating magnetic field of the alternating current are 
added and thus the resulting magnetic field oscillates. 
By suitable adjustment of the two magnetic fields it 
is possible to ensure that any crack will be in a trans- 
verse, or at least oblique, direction to the magnetic field 
in a particular phase of the current. 

It is possible to magnetise parts with direct current 
or with alternating current. If it is important to detect 
cracks below the surface direct current is preferable, 
because alternating current tends to flow only along 
the surface of the piece. 

The inspection medium consists of finely dispersed 
ferro-magnetic material applied either dry as a powder 
or in liquid suspension. There are dry powders of 
different colours (black, grey, red) in use, so that one 
can choose the powder giving the best contrast with the 
colour of the surface to be tested. Some years ago a 
wet fluorescent powder came into use, under the trade 
name of Magnaglo. Magnaglo particles do not differ, 
either in physical or magnetic properties, from standard 
materials. The difference lies in the fluorescent coat- 
ing which gives Magnaglo a special advantage in 
visibility and contrast far beyond any other method 
that can be achieved by coloured coatings in ordinary 
light. The inspection is done under “ black light” as 
described for the Zyglo method. This is why we prefer 
the inspection with fluorescent liquid suspension to the 
usual wet or dry methods. 

In the Swiss Aircraft Factory at Emmen there are 
three pieces of equipment of this type. Fig. 11 shows 
the testing of a welded joint of an engine mounting with 
the portable English Sempun flaw detector. It com- 
prises a central member which incorporates a remag- 
netising coil, two side links and two self-setting pole 
brushes, which make magnetic contact with the surface 
of the article under test. Flexibility is obtained by 
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means of the ball links which swivel in spherical 
sockets. 

Forgings, bolts and finished parts are tested with the 
Magnaglo unit shown in Fig. 12. In the foreground 
there are some parts to be tested: fork-end plugs part- 
machined. These parts were tested three times, as forg- 
ings, as shown and in the finished state. In this way it 
is possible to eliminate the pieces with cracks too far 
below the surface to be detected at the first inspection, 
and this saves the cost of the finishing. This is done 
only for the most important and expensive parts. The 
figure shows also some axle forgings and three machined 
axles, to be tested after a 100-hour flight period. The 
tubes shown are also inspected with this Magnaglo 
equipment. The parts can be magnetised longitudinally 
with the coil to reveal transverse cracks and circularly 
by passing current through the part to reveal longi- 
tudinal discontinuities. It is a direct current unit with 
a maximum current output of 4,500 amp. The curtains 
are drawn during inspection. On the left is the 
demagnetisation unit with which all magnetically tested 
parts are demagnetised, to prevent trouble later. 

Bars and long tubes are tested on a Siemens unit 
(Fig. 13), which has been fitted with the Magnaglo 
system. The bars are pushed into the unit on the 
cylinders, magnetised with alternating current or with 
a constant magnetic field passing through, tested in 
black light and pushed away. The bars are then 
demagnetised in the unit. 

Figure 14 shows a steel forging tested with 
Magnaglo; all the white lines on it are cracks. 

The magnetic particle method is more sensitive 
than penetrant methods. Under favourable conditions 
it is possible to detect surface cracks that are one 
hundred-thousandth of an inch wide. 

Equipment exists for measuring the magnetic 
leakage field near the cracks by means of an electro- 
magnetic device instead of using ferro-magnetic 
powders. 

Figure 15 shows, in the upper half, the German 
Riss-Sichtgerét of Dr. Forster during testing of a steel 
bar (al). The leakage field is measured by a rotating 
coil and its distribution along the surface is shown on 
the screen of the instrument (a2). The two teeth 
indicate two cracks at this point of the bar. The 
installation can also be used to inspect nuts, bolts and 
other small parts (61). The nut being tested has one 
crack, as shown in (2). 

We did not introduce this equipment into our 
particular factory because we tend to have a lot of 
different groups of a few parts, rather than large groups 
of similar parts, for which the equipment is most 
useful. 


3.3. ELECTRICAL METHODS 


Electrical methods can often be valuable for crack 
detection, and a few words on eddy current methods 
may be of interest. With a coil put on the part to be 
tested, or through which the parts are drawn, high 
frequency eddy currents are induced in the pieces and 
the intensity of these eddy currents is measured by 
means of an electrical device. The electrical and 


(b2) 


The German Riss-Sichtgerat 
equipment. 


Ficure 15. 


magnetic properties, the hardness, the sizes of cracks 
and other discontinuities influence the eddy currents. 

There are several flaw detectors using this principle 
and Fig. 16 shows Dr. Forster’s Sigmatest. This is an 
instrument for measuring electrical conductivity. This 
testing coil is put on the part and the scale shows the 
electrical conductivity. A crack situated near the coil 
influences the eddy currents and the instrument shows 
a different value of conductivity. In general this 
instrument is used for sorting light alloy forgings and 
castings and finding which parts are not well enough 
heat-treated, or are made of an incorrect alloy. Some- 
times it is used for crack detection. 


Ficure 16. An instrument for measuring electrical con- 
ductivity—the Sigmatest. 
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Figure 17. Part of a hydraulic system being tested. 


3.4. OTHER METHODS 

All parts that operate under internal pressure are 
tested with a higher proof pressure to detect cracks and 
other defects. Fig. 17 shows the testing of a part of 
the hydraulic system where a small crack caused a 
crash-landing. This testing method is suitable only for 
finding real cracks and leakages, and not for surface 
cracks and other faults that may cause fatigue cracks 
later. Therefore, it is necessary to open up a short 
piece of the two ends of each high pressure tube and 
inspect the inside thoroughly. In this way only a small 
part of the tubes can be inspected so that one can never 
be sure of having found all defective parts. Neverthe- 
less, sometimes small but very dangerous cracks such 
as is shown in Fig. 18 are detected, and obviously tubes 
showing such cracks must be rejected if crash landings 
are to be avoided. 


4. Internal Cracks 


4.1. X-RAY METHODS 


So far methods of detecting surface cracks only, or 
cracks lying near the surface, have been discussed. Now 
internal cracks are considered. First there are the well- 
known X-ray tubes or natural or artificial radio-active 
materials. Fig. 19 shows the principle. The X-rays, 
for example, emitted by this simply designed X-ray tube 
penetrate the test piece and give a picture on the screen. 
If the screen is of fluorescent material converting the 
X-rays into visible light, the inspection can be done by 
eye. For a permanent record of the tested structure a 
photographic film is used instead of the screen. 
Thicker parts of a piece are shown darker on the 
screen and brighter on the photographic film than 
thinner ones. Using fluoroscopy it is possible to detect 
cracks that diminish the thickness of the wall in the 
direction of the X-rays by at least five per cent, with 
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FiGure 18. A small, but dangerous crack detected in a high 
pressure tube. 


radiography down to nearly one per cent. Cracks in 
general being very narrow, it is only possible to detect 
them if they are tested in the longitudinal direction. All 
important light alloy castings are inspected by X-ray 
equipment, such as shown in Fig. 20. The high tension 
(generally not more than 150 to 300 kV.) is generated in 
separate transformers and led to the X-ray tube by 
means of high tension cables and there is an external 
cooling system. Such units are very efficient but too 
heavy for field work. 

For the inspection of aircraft structures, the modern 
so-called one-tank light-weight types are especially 
suitable. Fig. 21 shows the inspection of part of a 
wing of a large aeroplane. The high voltage transformer 
and the X-ray tube are in the small tank, cooled by air 
only. The energy is led from the operating desk by a 
low voltage cable to the tank unit. There are several 
types with maximum voltages from 120 up to 260 kV. 
X-rays are now beginning to be used for periodical 
inspection of the important parts of the civil aero- 
planes, to detect cracks caused by fatigue or impact 
and this important inspection method has been studied 
for several years. 

Figure 22 shows the X-ray photograph of a part of 
a tailplane-elevator attachment. No cracks could be 
detected, but some bad riveting was found. The 
difficulty in testing aircraft structures by X-rays is in 
choosing the position of both the X-ray tube and the 
film so as to show correctly the part to be tested. In 
future we hope to be able to inspect by X-rays the main 
spars of our Venom aircraft in service, because there 
might be some defects in the high strength light alloys 


Figure 19, A 
diagram of a 
simple X-ray 
tube for testing 
for internal 
cracks. 
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FicGurRE 20. X-ray equipment for testing light alloy castings. 


FiGurRE 21. ‘ One-tank light-weight” X-ray equipment for 


testing a wing. 


FiGure 23 (below). An X-ray photograph of part of a main 
spar mounted in a wing. 


Figure 22. An X-ray photograph of part 
of a tailplane-elevator attachment. 


that could cause fatigue cracks. Fig. 23 is an X-ray 
picture of a part of a main spar mounted in the wing, 
and fortunately there is no crack! But if there were 
a fatigue crack at one of these rivet holes it would show 
up in the X-ray. Fig. 24 is an X-ray photograph of a 
light alloy casting showing cracks and pinholes. 


4.2. ULTRASONIC TESTING 

Finally our experience of ultrasonic testing is dis- 
cussed. Fig. 25 shows the three important ultrasonic 
testing methods. In all cases there are ultrasonic waves 
generated by an electrically-excited crystal like quartz, 
or titanate of barium, at the surface of the part to 
be tested. These waves travel through the material in 
a narrow beam and are reflected by flaws and the 
boundary of the specimen. The equipment of the 


FIGURE 24. 
photograph of a 
alloy casting, 


showing 
| | cracks and pin holes. 
i | 


X-ray 
light 


transmission method (a) comprises a constant intensity 
transmitter and a receiver measuring the intensity trans- 
mitted through the material. Where the ultrasonic ray 
meets a crack or another homogeneity-defect, the 
received intensity is smaller than where the material is 
sound. 

The most important ultrasonic method for crack 
detection is the “Echo” method (5). Pulsed high 
frequency sound waves are transmitted into the speci- 
men and part of the energy is reflected from any dis- 
continuity in the material and from the boundary and 
appears as a deflection on the cathode ray tube of the 


- 
‘ 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


‘AL SOCIETY NOVEMBER 1956 


mm Stohidicke 


instrument. The crystal emitting the ultra-sound acts 
both as transmitter and receiver. There are other 
instruments using different probes as transmitter and 
receiver. The distance of this deflection from the 
deflection of the transmission and the boundary 
indicates the depth of the flaw. 

The third picture (c) shows the principle of the 
resonance methods. The crystal emits a continuously 
changing range of high frequency sound vibrations. 
When a returning sound wave reaches the crystal at the 
same moment as another wave is being emitted, 
resonance occurs and the resulting energy change is 
reflected into the instrument. There are several 
methods of measuring this energy, one of them using 
a cathode ray tube, the screen being calibrated in units 
of material thickness. These instruments are particu- 
larly applicable where wall thickness measurements or 
cracks in sheets and plates must be made from one 
side of the material only. Cracks and imperfect bonds 
between clad metals, welded sections and so on, show 
as a sudden shifting or disappearance of the thickness 
indication. 

At present we only use the “echo” method, of 
which some details are now given. The reflection of 
the ultrasonic waves by a crack depends on its width 
and its filling. Cracks filled with air can be detected 


Q3 
FIGURE 27. Examples of the way molecules oscillate in 
solid material (a,) in the direction of a beam (a,) in a 
transverse direction. In (a,) the transverse waves in 
thin plates are distorted to bending waves and (a,) shows 
the longitudinal waves distorted in small diameter rods. 


Ficure 25 (left). Three 


ultrasonic 
methods; 
mission method (b) the 
“echo” method and (c) 


the 


testing 
(a) the trans- 


resonance method. 


Ficure 26. A diagram showing how 

the indication on the “echo” method 

is affected by the direction of a small 
crack. 


down to a width of only four hundred-millionths of an 
inch, but if they are filled with oil they cannot be 
detected below ten thousandths of an inch. This is 
why there must be a layer of a liquid, like oil or water, 
between the crystal and the specimen to enable the 
sound waves to enter the material. Although the 
principle of the ultrasonic testing method is quite simple, 
certain requirements must be met to allow the solution 
of difficult problems. Fig. 26 shows how the indication 
is affected by the direction of a small crack. The truest 
indication is obtained if the crack is perpendicular to 
the ultrasonic beam, the location of the pattern giving 
the distance of the crack from the transmitter. If the 
crack is oblique, then the beam is reflected as shown, 
and sometimes the beam reaches the crystal after 
several reflections. In this case the crack is nearer to 
the probe than the deflection on the screen indicates, the 
path of the sound wave being longer. Cracks at a still 
greater angle rarely give an echo. If there is a long 
crack, sometimes the boundary echo does not appear, 
all the energy being reflected by the crack. This is 
another possible indication of flaws. 

Both longitudinal and transverse waves can occur 
in solid material, and Fig. 27 shows how the molecules 
oscillate. In (a,) the molecules move in the direction 
of the beam, and in (a,) in a transverse direction. These 
two kinds of waves exist in pure form only in solid 
materials, being large compared with the wavelength. 
The wavelength ranges from a hundredth of an inch 
to half an inch, the commercial ultrasonic instruments 
operating at frequencies between 4-25 megacycles/sec. 
In thin plates the transverse waves are distorted to 
bending waves, as shown in (a,), and (a,) shows how 
the longitudinal waves are distorted in rods of small 
diameter. There are also surface waves and torsion 
waves. The sound velocity of these various waves being 
different, great care is necessary, especially when 
testing small specimens. 


FiGure 28. Diagram of an ultrasonic beam penetrating 
obliquely into a specimen. 
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Ficure 29. Spar booms of a D.H. Venom being tested on 
ultrasonic equipment at Emmen. 


There is another complication from the fact that the 
sound waves can change their nature passing through 
a boundary, or being reflected by a boundary between 
two different materials. It is not possible here to go 
into details of these phenomena, but Fig. 28 shows how 
it is possible to use this fact by sending an ultrasonic 
beam obliquely into the specimen. The oscillating 
crystal generates longitudinal sound waves in the plastic 
probe. On entering the specimen, the beam is 
diffracted and converted into transverse waves if the 
arrangement is suitably chosen. By a special form of 
the probe, the reflected part of the wave is prevented 
from coming back to the receiving crystal. This probe 
allows inspection of specimens not accessible by the 
echo method with normal probes. The ultrasonic beam 
is reflected several times by the surface. The echoes 
from cracks or other flaws return in the same way to 
the probe, being converted into longitudinal waves on 
entering the plastic. When working with high energy 
ultrasonic waves and high amplification of the return- 
ing echo, which is necessary in certain problems about 
to be discussed, the surfaces of the specimen must be 
very well polished, since any surface damage gives an 
indication on the screen. 

Up to the present spar booms, rods and castings 
which are too thick to be tested by X-rays, have been 
inspected in this way at Emmen. Fig. 29 shows our 


32. Sections of three 
fatigue-tested specimens showing 
cracked crystals. 


Ficure 31. A flaw pattern produced during the testing of a 
rectangular bar. 


ultrasonic equipment, built by Dr. Krautkramer. Spar 
booms of the Venom are being tested with the 80° 
probe at 2 megacycles/sec. The flaws detected, 
although very small, can nevertheless reduce the 
fatigue strength significantly. 

As already mentioned, the surface must be polished. 
Moreover there are surface waves generated under 
these operating conditions which show the smallest 
damage on the surface. By pressing the hand upon the 
specimen, the inspector is able to eliminate these 
disturbing echoes. 

Figure 30 shows a flaw indication during testing 
of a spar boom. The transmission echo is shown, but 
there is no end echo, the specimen being too long. The 
metallographic inspection revealed this small crack 
approximately 1/100 in. in one direction and } in. 
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Ficure 33. Flaws in a spar boom revealed by an ultrasonic 
pattern. 


in the other. Unfortunately this was not the only crack, 
and several machined spar booms had to be rejected. 
It was not possible to detect these cracks in the 
unmachined bars. 

Figure 31 is a flaw pattern produced while testing 
a rectangular bar with a normal probe at 6 mega- 
cycles/sec. This pattern was caused by a Cr-Al-crystal 
| of only 8-thousandths of an inch diameter. Unfor- 
ates tunately many of these crystals were found, most of 
eae them being larger than 1 100 in., and generally one 
: detected crystal reveals a lot of others. Often these 
crystals are cracked, as in Fig. 32, which shows sections 
of three fatigue-testing specimens. Very often the 
cracks start from sharp edges or cracks in these hard 
crystals. 

New and surprising flaws are often detected by 
ultrasonics. Fig. 33 shows an inclusion in a spar boom 
revealed by the pattern in the lower part of the picture, 
and in Fig. 34 there is another inclusion of very hard 
iron-aluminium crystals giving the echo shown. 


Figure 34. The echo given during ultrasonic tests by 
iron-aluminium crystals. 


5. Conclusions 


When a new testing method is introduced, some 
surprising results are produced at first and these persist 
for a time until the makers are trained to supply 
materials good enough for the new testing method. 
Therefore, a good deal of thought is necessary before 
introducing a new method, to make sure that the safety 
of the aircraft really warrants it. However, the best 
testing method alone is not enough. As long as the 
testing is not automatic—which is not economical for 
the relatively small production in Switzerland—the 
man who does the work is of most importance. If he 
fails, the best testing method is valueless. On the 
other hand, a clever man can sometimes produce sur- 
prisingly good results with simple installations. Since 
resources are limited, we aim to achieve the greatest 
safety of our aircraft by careful choice of our testing 
staff. 
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An Investigation of the Flow in Manifolds with Open and Closed Ends 


J. H. HORLOCK, M.A., Ph.D., Grad.R.Ae.S. 
(Engineering Department, Cambridge University now visiting Professor Fluid Mechanics Division, Massachusetts Institute of Technology) 


INTRODUCTION 


i fase possibility of control of circulation around aircraft 
wings and gas turbine blades by ejection of air from 
the aerofoil into the main stream“ has drawn attention 
to the manifold problem. Discharge velocity distributions 
along the length of the wing or blade must be uniform, 
and it is important that the detailed nature of the flow in 
the supply manifolds should be understood. The 
distributions of velocity in manifolds supplying multi- 
cylinder internal combustion engines, in gas burners and 
in manifolds supplying canal locks are other allied 
problems. 

Keller has considered the problem analytically and 
has derived a differential equation for the velocity along 
a manifold which discharges fluid through a slot cut along 
the length of the manifold. Keller solved this differential 
equation using step by step methods, involving consider- 
able numerical calculation. 

Allen and Albinson™ have described a similar but 
simpler mathematical approach, in which finite changes 
in pressure and velocity between the individual discharge 
ports of a manifold are considered. They have given a 
formula for the variation required in the port areas along 
the pipe if the discharge quantity is to be uniform. 

Dow” has considered the special case of the flow 
along a manifold in which the cross-sectional area is 
varied to give uniform discharge velocity. In obtaining 
a solution for the required variation of area, Dow 
considered the change in the Fanning friction factor (f) 
with Reynolds number (Rn) along the manifold. He noted 
that a reverse transition from turbulent to laminar flow 
might alter the velocity distribution. 

This paper derives a differential equation for the ratio 
of longitudinal velocity (V) to normal discharge velocity 
(v), for an incompressible flow through a manifold of 
constant cross-sectional area A and constant slot width 
b, and gives an analytical expression for (V/v). Numerical 
integration of (V/v) with respect to the length / along 
the pipe yields the individual distributions of V and v. A 
maximum value of (V/v) is reached at an infinite distance 
from the dead end of the manifold, and this value is a 
function of A/b and the skin friction factor f, which is 
assumed constant along the manifold. This value of (V/v) 
far from the downstream end is numerically the same for 
an open-ended manifold, having the same ratio A/b and 
friction factor f. 

Experiments on manifolds with closed and open down- 
stream ends confirm the general predictions of the analysis. 


ANALYSIS 


Figure | shows the flow model used in the analysis. 
Incompressible fluid of density » flows along the manifold 
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(diameter D, area A==xD*/4). Ata section distant / from 
the entry to the manifold the longitudinal velocity is V, 
and the discharge flow through a slot of constant width 
b, has velocity components u and v parallel and normal 
to the main flow. The friction factor is f and it is assumed 
that this is constant at the value corresponding to the entry 
Reynolds number. It will be seen that this assumption is 
reasonable in turbulent fiow through a manifold which 
is open at the downstream end, but may be a source of 
error in predicting the flow very close to the dead end of 
a closed manifold, where the velocity V drops to zero 
and the skin friction factor must increase. 

If the static pressure at section / is p, and the frictional 
force per unit area of wall is 7,, then the momentum 
equation may be written 


a) — 7, dl= (pAV?2) dl —1 AV) dl (1) 
al Tok al p p 
or, writing 
dV 
-— — — =(2V -u) —. 
p dl D 9 ( u) dl ( ) 


In eliminating the static pressure p, two different 
assumptions may be made. 

(i) If the discharged fluid leaves with its longitudinal 
velocity unchanged (w= V), and if there is no loss of total 


Ficure 1. Flow through manifold. 
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pressure through the slot, then 


p+tpV*=p, + + 


P- Pa=4pv*. 
This is basically Keller's assumption. 

(ii) If the discharge is not through a continuous slot 
but through separate T-shaped ports, then the velocity of 
discharge must be normal to the manifold (u=0). 

Allen and Albinson consider a loss in total pressure of 
kpV?/2 through the separate discharge ports of the 
manifold. The value of k varies with Reynolds number 
for the T-shaped ports used by Allen and Albinson. 
Except at low Reynolds number (below 20,000) the value 
of k is very close to unity, and 


P- Pa=4pv’, 

as Keller assumed. 
Although the static pressure is related to the normal 
discharge velocity v in the same way in each case, different 


differential equations for the longitudinal velocity V may 
be obtained. 


From equations (2) and (3) 


ldp vdv /_ dV 
4f 
and if F= 2p’ 


From the equation of continuity 
VA=(V+dV)A+vbdl 


A dV 
and v= — . (6) 


where A and + are constant. 
From equations (5) and (6), 


A? dV dV 
—+Fv*?=0. . 7 
For the first assumption, .—V and equation (7) becomes 
A? dV dv 


—— ——. + gf 
b dP dl 2 a +FV?=0 where z=1 


which is similar to the equation derived by Keller. 


(7a) 


For the second assumption u—0 and equation (7) 
becomes 
dV 


A? d?V dV 
dP di +aV — al +FV?=0 where z=2. 
Equations (7) may be reduced to an equation for the 
velocity ratio (V/v). 


1 1 dV 


(7b) 


then equations (7) may be written 
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(10) 


For e=1, if — is a real root of the equation 
FA 
(11) 
V\2 
then /= _| log, 
A*FA 
Se 


4 A 


(12) 


1 


A similar solution for z=2 may be obtained. 


+ constant . 


If the downstream end of the manifold is closed at 
[=I,, then (V/v),=0 at /=I,, and the values of V/v at any 
other section / may be determined from equation (12), or 
from numerical integration of (10), giving (V/v)=¢()). 
Equation (12) shows that Al—>—oc as (V/v) ap- 
proaches A. 

If the downstream end of the manifold is open at /=/., 
then p=p.=p, at this point. From equation (3), v.—0, 
and (V/v),=0. To obtain the distribution of (V/v) back 
along the manifold from the open end, it is simpler to write 


x Vd A\W 
and equation (10) becomes 


b? Fb? 
A2> Az 


Al= - 
y +a 


(13) 


The equation may be integrated numerically back from 
the datum (V/v),= 00, y=0 at /=I., to any station /. 

Whether the discharge end is open or closed, V/v 
asymptotes to the same value of A when /, —/]= 0, A being 
a function of F, 2 and b/A. 

The entry velocity V, at /=0 may be determined when 


(V/v), is known. If the total pressure is P, at /=0 then 
V,, and p, are given by 

(14) 
[1+ 
v 2 

Pate 

and Po= (15) 
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For the velocity distributions over the complete length 
of the manifold in terms of the velocity V,,, 


b 
may be integrated with respect to /: 

1 1 

0 — 0 0 


where the integral is started from the entry condition 
V= Ve at 

The discharge velocity v is obtained in terms of the 
entry velocity V, by dividing the ratio (V/V) by the ratio 
(V/v) previously determined. 

Static and total pressure distribution may be written in 
the form 


P = TOTAL PRESSURE 
p = STATIC PRESSURE 
P, = ENTRY TOTAL PRESSURE 
Pq = ATMOSPHERIC PRESSURE 


—Pa 


0 uy 
[1 | 
SOLUTION FOR FRICTIONLESS FLOW 

For a manifold with a closed downstream end, although 
f may increase towards the dead end, the velocity ratio 
(V/v) will always be small, and a close approximation to 


the flow near the dead end (where V/v<1) may be 
obtained by neglecting the term (FA/b)(V/v)* in equation 


(10). Assuming z=1, it may be shown that 
b 
sin — (/, — 1) 
= (18) 
sin bl. 
A 
and 
cos (1. - 1) 
Mo sin bl, 
A 


—O— EXPERIMENT 


LENGTH FROM OPEN DISCHARGE END-FEET 


Figure 2. Static and total pressure 
distribution in manifold with open end. ror 
o-er 
0-6 
04 
a 
Figure 3. Static and total pressure 
distributions in manifold with closed end. 


P = TOTAL PRESSURE 
p = STATIC PRESSURE 
p_<ENTRY TOTAL PRESSURE 


Pas ATMOSPHERIC PRESSURE 
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LENGTH FROM DEAD END - FEET 
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VELOCITY RATIOS ( 


O-2- 
FicurE 4. Approximate contours of total pressure 


at exit from discharge port (3/16 in. dia.). 


1. Total pressure corresponding to total pressure at pipe centre. 
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ot 
=2f-0:0047 


Total pressure corresponding to local static pressure. 


3. Total pressure corresponding to atmospheric pressure. 


For a manifold with an open downstream end, any 
frictionless analysis is invalid since the ratio (V / v) becomes 
large at /—>/,, and the term (FA/b)(V/v)* in equation (10) 
cannot be neglected. 


EXPERIMENTS 

The skin friction factor in a ? in. I.D. brass pipe was 
initially determined and was found to be 0-0047 at an entry 
Reynolds number of 5 x 10°. 

Holes of ;*, in. diameter were then drilled at one-inch 
spacing along the pipe and a plug screwed into the down- 
stream end. Static pressure tappings were placed at three- 
inch intervals along the pipe, diametrically opposite to the 
drilled holes. 

Total pressure distributions (P — p,)/(P,,— p,) along the 
manifold at an entry Reynolds number of 5 x 10° are shown 
in Figs. 2 and 3, for an open and a closed downstream end. 
These total pressures, obtained with a small Pitot placed in 
the centre of the pipe cross section, are compared with the 
calculated distribution of (P — p,)/(P,,— p,). Observed and 


4 
LENGTH FROM OPEN DISCHARGE END 


Ficure 5. Velocity distributions in manifold with open end. 


calculated static pressure distributions (p — p,)/(P,, — p,) are 
also shown, constant values of f=0-0047, 2=1 being used 
in the calculation. Agreement is good, except for the static 
pressure distribution in the open-ended manifold, where 
the gradient of static pressure along the pipe is under- 
estimated. An analysis using a higher friction factor 
(0-0065) gives a closer approximation to the observed 
pressures. 

Velocity ratio distributions were obtained from the 
observed total and static pressures. If the velocity profile 
in the pipe remains that of fully developed turbulent 
flow, then the observed ratios of maximum longitudinal 
velocity to maximum entry longitudinal velocity are the 
same as the ratios of mean longitudinal velocity to the 
mean entry longitudinal velocity. 

Discharge velocities were calculated from the difference 
between the local static pressure and the atmospheric 
pressure, using equation (3). It was found that most of 
the fluid was discharged on the sides of the orifices towards 
which the main longitudinal flow was directed, and the 
distribution of velocity was far from uniform over the 

hole. Small tubes, 3 in. long, of the same 
bore (,}, in.) were soldered on to the pipe. 
but the distributions of static and total 


1-0 Xb SO, pressure (Figs 2 and 3) did not change. A 
<A _ 9.0942 total pressure traverse was made across the 
ees exit of one of these ;‘, in. diameter discharge 
V, Vv tubes, and this is shown in Fig. 4. Lines 
> = % 
6 
< 
= 
> Figure 6. Velocity distributions in manifold 
with closed end. 
> 
O-2+ 
i 
| 2 3 4 
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of total pressure are shown which correspond to 
(i) the observed total pressure at the centre of the pipe 
(ii) the local static pressure (iii) atmospheric pressure. 
These contours suggest that the mean of the discharge 
total pressure is near the local static pressure in the pipe 
(the assumption of Allen and Albinson), but the longi- 
tudinal velocity certainly is not completely destroyed 
through the ports. 

Figures 5 and 6 show the velocity distributions V/V, 
v/V,, calculated from 


Je) 

where subscript 0 refers to pressures observed 4 feet from 
the discharge end of the pipe, and 2 feet (32 diameters) 
from the pipe entry. Also shown in Figs. 5-6 are the 
velocity distributions calculated from equation 7(a) for 
several values of skin friction factor f, and one solution 
calculated from equation 7(b). The ratio A/b was taken 
as D*/(Cd?) (where D is the diameter of the manifold, d 
is the diameter of the discharge tubes, spaced at intervals 
of one inch, and C=0-61 is a discharge coefficient), in all 
the calculations. 

Calculated velocity ratios (V/V,) (based on 2=1, 
f=—0-006S5) are in close agreement with the observed ratios 
(Figs. 5 and 6), but the discharge velocity (v/V,,) is under- 
estimated for the open end manifold, as is the static 
pressure in the manifold (Fig. 2). It was noted in the 
experiments that at the end of the open manifold, where 
the static pressure drops to atmospheric pressure, air was 
sucked into the pipe on the upstream sides of the discharge 
manifolds, and Keller’s assumption, used in the calculation 


of the discharge velocity (v/V,), is likely to be in error 
over this section. 


CONCLUSIONS 

It has been shown that a solution to the flow through 
a manifold may be obtained in terms of (V/v), the ratio 
of the velocity along a manifold to the normal discharge 
velocity. A value of (V/v)=A should be reached, far from 
the end of the manifold, which is a function of fA/b, 
where f is the skin friction factor and A/b the area ratio. 
This value of A is independent of the discharge end being 
open or closed. 

Analysis based on the assumption that the discharge 
flow leaves the manifold with the unchanged longitudinal 
velocity (x=1) yields solutions in good agreement with 
experimental results, for manifolds with closed and open 
ends, but the overall friction factor in the manifolds 
(f =0-0065) appears to be greater than the friction factor in 
a pipe of the same material (f =0-0047) for the same entry 
Reynolds number. 
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An Exact Theory of a Thin Aerofoil with Large Flap Deflection 


J. A. HAY, B.Sc.(Eng.), A.F.R.Ae.S., and W. J. EGGINGTON, B.Sc., A.F.R.Ae.S. 
(Aerodynamics Department, Vickers-Armstrongs (Aircraft) Lid. Mr. Eggington is now with Saunders-Roe Ltd.) 


HE THEORY of thin aerofoils at small incidence and 

flap deflection is very well established. For certain 
purposes it is desirable to know how an aerofoil will 
behave in potential flow when the flap is deflected through 
large angles. 

lo this end, an attempt has been made to develop a 
theory of thin aerofoils in which the flap deflection angle 
may be large. 

The results obtained are compared with those derived 
by an alternative method of direct conformal transfor- 
mation by F. Keune.'” 


METHOD 

The method adopted is based on Lighthill’s theory as 
presented in Ref. 2. 

Briefly recapitulating, the flow around a circle in the 
¢ plane is taken as 
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where the flow at infinity is of unit velocity at an angle 
z to the real axis, and the circulation is 27K. Then the 
velocity field is given by 


dw, 1 iK 
dy 
6 
= 4ie—'' cos -ajsm— . (2) 


for K—2sin z, giving a rear stagnation point at (=I. 
In the aerofoil plane (the physical or z-plane), the 
velocity is given by 


'dw,|  |dw 


dz | | |dz | ©) 
At zero incidence this becomes 


On the surface of the aerofoil 


dz=dse'*x. 


by 
ye” 


VOL. 60° 


(a) w—plane. 


(b) $—plane. 


7 


&=/ 


(c) z—plane. 
Ficure 1. 


On the circle 


and dt 


Hence, using (2), (4) and (5) 


bad 
(= -2) 
cos @ 
Also 
6 
cos 


On the aerofoil, at zero lift, — =q,e'* 


dw 
and hence loo | 
a g dz | og q,, 'x 


where log gq and - y are conjugate complex functions. 
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(5) 


(6) 


(7) 


(8) 


Any pair of conjugate complex functions ¢ (9) and , (4) 
are related by the expression 


2 (8) + ix [- (1) +ix cot dt 


and hence, 
6 a 
log q, (@)= | X (1) cot ( > at 
(9) 
I 
and x | log q, (1) cot —— dt 


0 


Lighthill shows that log q, and y can be expanded in 
conjugate Fourier series in 6 on the circle, and that the 
Fourier series for log gq, can contain terms in cos n@ and 
sinn# only for n=2. For this, the following conditions 
must be satisfied : — 


| log q,dé=0= 


| log q, cos nodé=0= | cos nid} . (10) 


| log q, sin sin 


APPLICATION TO A THIN AEROFOIL WITH FLAP 

Consider the particular case of a thin aerofoil, equipped 
with a simple flap, set at an incidence corresponding to 
zero total lift for the flapped aerofoil. 

Let:—z, be the angle between the fore part of the 

aerofoil and the free stream 
6 be the deflection of the flap relative to the 
main aerofoil. 

Considering, now, the field of flow which exists around 
the aerofoil (Fig. Ic), the distribution of , around the 
circle shown in Fig. 2 is derived. In the plot we have 
taken : 
4=— 3 as the hinge position on the upper surface 

=2x-($-y) as the hinge position on the lower surface 
=7 must be the front stagnation point, since 6=0 is 

the rear stagnation point and there is no circulation 
= as the nose of the aerofoil. 


Applying conditions (10) we get :— 


y)+272,=0 


\ sin ddd ==z(cos w + 1)+6 [eos cos(B-y)J=9} (13) 


\ cos == sin +6 [sin + sin (8 y)]=0 
sin 
From these we get, putting o = 


—2 
sin —— 
o+li/o 


(14) 
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LIFT CURVE SLOPE 


FiGurE 6. Lift curve slope of a flapped 
flat plate. 


sin (8 +) = sin B (15) 


Now, Lighthill has shown that the lift generated by an 
aerofoil is 


C.= Shord (z- 2,) (17) 


and so the lift increment due to deflecting the flap becomes 


Siz. 8x. 
sin(z-—z,)- —-sinz . (18) 


ANG, C 


Where C, chord of aerofoil with flap, measured along 
surface 


C chord of aerofoil without flap deflected 
z, angle for zero lift of aerofoil with deflected flap. 


Figure 7. No-lift angle of a flapped 
flat plate. 


NO LIFT ANGLE 
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DERIVATION OF CHORD LENGTH 
Lighthill has shown that, on the aerofoil, 
{sino . 
. 
S(6,)=2 


Qo 


(19) 


where S is the length of surface measured from the trailing 
edge to the point corresponding to 6=6,. 

If we use Poisson’s integral relating conjugate functions 
we obtain 


ik sinf+sin 
2 
108 do 2z)%* cos 6 — cos (29) 
Inserting y (#) for the flapped aerofoil in this gives 
q, 2 (21) Method of calculation :— 
Keune 
Ag Present method 
From these equations, . 6-8 8/x Ficure 8. Comparison of lift increments. 
c=4 | sin sin — dé CONCLUSIONS 
From these results, the following conclusions were 
~ (22) drawn :— 
6-B Oe 1. The lift curve slope of the aerofoil is reduced as the 
B sin ——— flap deflection increases. This becomes more apparent 
and | 6 16 as the flap/chord ratio increases. 
é 2 2 . 6+(B-y) 2. The lift increment due to deflecting the flap decreases 
slightly as the main aerofoil incidence increases. 
(23) 3. The lift increments predicted by Glauert thin aerofoil 


With these, AC, may be obtained from (18), and the 
geometry of the flapped aerofoil is defined. 


RESULTS 

Calculations were made of the lift increments due to 
flap deflections up to 90°, flap chord ratios up to 0-4, and 
main aerofoil incidences of 0°, 5° and 10°. The results 
are shown in Figs. 3, 4 and 5, and the corresponding lift 
curve slopes and zero lift angles for the aerofoil with flap 
deflected are shown in Figs. 6 and 7. 

Comparison of the results of the thin aerofoil theory 
of Glauert and the exact theory of Ref. 1 is given in 
Fig. 8. 


theory show very good agreement up to 20° flap 
deflection and at least 10° incidence. However, they 
are some 20 per cent high for flap deflections of the 
order of 60°. In view of the assumptions made in 
the Glauert theory, this agreement is considered to be 
very remarkable. 
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The Effect of Excess Scavenge Air on the Pressure Drop in the Cylinder of a 
Two-Stroke Cycle Engine During Exhaust Blowdown—A_ Correction 


by 


R. S. BENSON, M.Sc.(Eng.), A.M.I.Mech.E., A.M.I.Mar.E. 
(Lecturer in Mechanical Engineering, University of Liverpool) 


In the Technical Note published in the November 1955 
issue of the JOURNAL an error occurred in Equation (5) on 


p. 774, in which the term (=) was omitted. The 


0 
equation should read as follows: 


| 
2, 
| 
30 
AG. ZZ Ca 
20 
d 
| 
| - 
| 
| 
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THE LECTURE PROGRAMME “TAKES OFF” 


HE OPENING lecture of the Autumn Programme was 

given on Friday 28th September by Mr. T. J. Cummings 
of Short Bros. and Harland Ltd. and was entitled, “ Novel 
Methods of Take-Off and Landing.” 

Mr. Cummings began by outlining some of the “ novel” 
methods of take-off of the pioneers, including Langley’s * Aero- 
drome” and the Wright Brothers’ Catapult. The latter consisted 
of a steel tower from which a large lump of rock was dropped, 
the energy of this falling weight being utilised by means of a 
cable and pulleys to accelerate the aircraft to flying speed. 
This was dubbed by the lecturer as being the first use of 
R.A.T.O.G.—but in this case the “R” stood for rock and 
not rocket! 

It was suggested that the conventional aeroplane was a 
“ flying-bus ” in that it was capable of ground locomotion as 
well as flying. What was required was a machine designed 
almost exclusively for high speed flying. The lecturer then 
reviewed, with some excellent slides, some present-day aircraft 
designed to eliminate the need for undercarriages and expensive 
concrete runways. Among these were the French “Baroudeur” 
fighter employing the trolley and skid technique, and the 
American Lockheed and Convair tail-sitting V.T.O.L. fighters; 
the “zero length” launcher developed for wing missiles, and 
later used for fighters, was also illustrated. 

Mr. Cummings discussed methods of deflecting the thrust 
of jet engines to obtain lift and then led on to the logical 
outcome of these, namely the use of vertical thrust to support 
the whole weight of an aircraft on take-off and landing, this 
technique being made possible by the development of small, 
light-weight jet engines. The “cube square” law indicated 
that the thrust per lb. weight of a small engine was greater than 
with a larger engine, thus a large number of small engines was 
preferable from the point of fuel economy and as a safeguard 
against engine failure. The use of separate engines for lift 
and thrust was shown to be more satisfactory, despite the 
weight penalty. 

A possible future design of “ jet-lift” aircraft using the 
foregoing principles was shown, This had an integrated wing- 
body structure of low weight, the plan form being that of a 
narrow delta. A cruising Mach number of 2:5 was claimed. 
It was proposed that stability during landing and take-off would 
be achieved by air jets bled from the lifting engine compressors. 

Even more futuristic was a design for a platform embodying 
the “jet-lift” principle. This would carry an aircraft aloft 
and then release it at minimum flying speed; the aircraft on its 
return would then be lowered to its base by the platform. 
The advantages claimed were that the aircraft itself could be 
designed for optimum cruising conditions without limitations 
imposed by the conventional methods of take-off and landing. 
It was not clear what method would be used to ensure a 
reunion of the aeroplane and platform. 

In conclusion, the lecturer referred to the fact that “ jet-lift ” 
aircraft were being built on both sides of the Atlantic at the 
present time. Thanks are due to Mr. Cummings for presenting 
such an interesting lecture to the Section, and for illustrating 
the problems and possibilities of aircraft whose “ novel” take- 
off and landing characteristics may become commonplace in 
the not too distant future.—J.D.a. 


THE VISIT TO N.P.L. 


On the morning of Saturday 22nd September a rather small 
party went on a tour of the National Physical Laboratory at 
Teddington. Our guide was from the Aerodynamics Division 
and must have felt something like a warder from the Tower 
of London in leading us round the almost deserted establish- 
ment with an enormous bunch of keys. 

In the Aerodynamics Division we were shown the old 
duplex wind tunnel, constructed during the First World War for 
the testing of full size aeroplanes and shortly to be dismantled. 
This tunnel was, however, in use for a job with security classi- 
fication, so is not quite an antique. Next, we were to have seen 
DEUCE (the Digital Electronic Universal Computing Engine) 
but unfortunately the key to this room was the only one our 


Students’ Section 


guide had not got! Then we saw the main supersonic wind 
tunnel where the famous Schlieren photographs with Crown 
Copyright on them were made, and in which work has been 
done on the interaction of boundary layers and shock waves, 
and more recently on the measurement of two-dimensional 
supersonic oscillatory derivatives. 

Later we saw the other equipment of this division, including 
the comparatively little-used whirling arm tunnel for measuring 
effects of pitch and yaw on models; the low turbulence tunnel 
where work was in progress on testing of blown flaps, and 
where a model of the proposed Severn Bridge was tested for 
flutter. They have done several civil engineering jobs here, 
including testing a scale model of the Rock of Gibraltar to 
investigate turbulence on the lee side where they were to build 
an airfield. The compressed air tunnel (C.A.T.) could only be 
seen from the outside, but some tested models were lying 
about. These were made of solid timber, because they become 
subjected to large forces in the dense air stream. This tunnel 
can work at 25 atmospheres to give Reynolds numbers of the 
magnitude met in flight. 

They have a shock tube under development, and there were 
many burst diaphragms to be seen, made of many materials, 
and evidence of the dangerous consequences of the diaphragm 
shattering rather than splitting, which causes the fragments to 
pass down the tube at a Mach number of 10 as well as the 
gases. 

In the Engineering Division much material testing used to 
be done, and many testing machines remain. Most spectacular 
of the testing machines is the impact tester on which a sample 
of every batch of railway couplings made for use in this 
country and much of the Commonwealth has to be tested for 
proof and ultimate strength. 

In the Ships Division is the pair of tanks about 500 and 
600 feet long in which models are tested for drag and control- 
lability in calm and rough water conditions. 

The Mathematics Division, besides owning DEUCE, and 
having developed ACE, which is now on the way to the Science 
Museum, has a differential analyser which occupies a whole 
large room and much space under the floor. 

Naturally many other interesting things were to be seen, 
but they have not been described here because of shortage of 
space, but highlights have been mentioned in the non- 
aeronautical departments as they come to mind. 

Anyone more interested should get a copy of the free 
booklet describing more fully the work of the N.P.L. from 
H.M. Stationery Office.—N.k.B. 


THE ANNUAL DANCE 


The Annual Dance this year is to be held at 4 Hamilton 
Place, London, W.1, the Society’s headquarters, on Friday 30th 
November from 8.0 p.m. till 11.45 p.m. Dancing will be to 
Hugh McCanley and his band. 

The date has been put back from the usual last Friday in 
October because this time has usually clashed with a big social 
function at one of the London colleges from which many of 
our students come. Refreshments consisting of food and beer, 
cider or wine will be on the usual basis, i.e. inclusive in the 
price of the ticket. 

It is hoped that members will bring their friends, in addition 
to their own respective partners and, naturally, that they will 
all have a most enjoyable time. At one stage it was thought 
that some members might prefer it to be an evening dress 
function, but it could not be seen if there would be sufficient 
support for a dance of this type. It is an idea that will be 
borne in mind for the future, and members’ views will be most 
welcome. For this year the description will be “ Dress 
Optional.” 

Tickets will be available from Committee Members and 
Firms/College Representatives or by post from:— 

M. P. Laker, Esq., 
65 Sundale Avenue, 
Selsdon, 
South Croydon, Surrey. 

The price, as last year, will be 7/6 per person, including 

refreshments, and jolly good value, too! —N.K.B. 
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ANNUAL REPORTS OF THE AERONAUTICAL SOCIETY 
OF GREAT BRITAIN, 1866-1893. Facsimile reprint in 
4 Volumes. Peter Murray Hill (Publishers) Ltd., London, 1956. 
£50. 

Interest in History appears to be asymptotic with Time. 
The beginnings of the Universe are not nebulous in their 
popularity, and events of millions upon millions of light- 
years ago are recorded astronomical radarii. The begin- 
nings of Man, in Darwinian democratic days, are less 
flattering to man’s amour propre, and appear to depend 
for their interest on whether tails should be worn or not 
on ceremonial occasions. The beginnings of the Aero- 
nautical Society of Great Britain were in 1866 and all 
That it has meant. 

I have been writing that history. Aeronautical history, 
however, proceeds at a supersonically increasing speed and 
one must write at the speed of light to catch up. Indeed, 
I have only completed the first ten years, after nearly five 
years of single-eyed research. The very foundations for 
such research were well and truly laid in these twenty-three 
Annual Reports of the Aeronautical Society, dated from 
1866 to 1893. 

For many years these Reports have not been easily 
available. With the co-operation of the Society, and the 
aids and technical skills of modern methods, these 
“precious volumes set in the ambient air,’ have been 
photographed page by page and reproduced facsimile in 
four handy volumes. And what remarkable volumes they 
are, with their records of the thoughts and activities and 
hopes of fewer than three score and ten men over the 
years, men who would have been encouraged (and some 
were) by the White Queen, as she encouraged the immortal 
Alice. 

“There’s no use trying,” said Alice. ‘One can't 
believe impossible things.” 

“| daresay you haven’t had much practice,” said the 
Queen. ‘“ When I was your age, I always did it for 
half-an-hour a day. Why, sometimes I’ve believed as 
many as six impossible things before breakfast.” 

Those were the days when the real foundations were 
laid down for beiieving (and putting into practice!) the 
utterly impossible aeronautical things of long ago, and in 
these volumes you can read the madness of the times 
which is the sanity of today. 

Aviation has moved so fast in less than a generation 
that many find it difficult to understand what a mysterious 
thing flight appeared to be in the nineteenth century, what 
moral courage was required to declare oneself an experi- 
menter in flying matters. In the 1872 Annual Report it 
was Stated, in the official concluding remarks of the Report, 
“The work which is surely being accomplished is effected 
under a variety of conditions by private individuals, but 
almost always under circumstances of discouragement 
within the experimenter’s private circle. In these cases 
the moral support of the Society is considerable.” 

In the second year of the Society’s existence this feeling 
was so strong that it was expressed by A. S. Harrison 
when proposing a vote of thanks to the President, the Duke 
of Argyll, for taking the Chair at one of the lectures. 
“T have no doubt,” he declared, “that people outside 
think it is desirable that those present should be taken care 
of by their friends. I do not think so, but I do think that, 
as gentlemen risked something of their reputation for 


soundness of judgment by taking the Chair when such 
subjects are discussed, they could not do less than 
acknowledge their kindness by a vote of thanks.” 

Herbert Dingle, Professor of History and Philosophy 
of Science at University College, London, wrote in his 
book The Scientific Adventure, ““ No one can form a true 
conception of Science from his own experience; it is a 
matter for research, and research is apt to bring surprises.” 

Aeronautical history is full of surprises. One of its 
greatest is that an Aeronautical Society could be formed 
so many years before there appeared the probability of 
an aeroplane being a possibility. But a close study of the 
discussions of the early members of the Society shows an 
astonishing understanding of some of the fundamental 
problems and principles involved. 

In the first lecture before the Society, in June 1866, 
F. H. Wenham discussed the importance of aspect ratio; 
the movement of the centre of pressure at small angles 
of incidence; the flow of air over curved wings; and the 
mechanical forces involved in sustained horizontal flight. 
In the following meeting he drew the attention of members 
to the importance of speed, and the great necessity to 
initiate a series of research experiments to obtain the 
necessary data to discuss the problem intelligently. 

That year, James William Butler, one of the original 
members of Council, and the only one to live to see the 
Wright Brothers, told members that he and his brother 
directors “ had found a very efficient means of producing 
vacua from explosions, by using the vapour of petroleum, 
and it was of much less bulk and weight than coal gas.” 

But the development of the Lenoir engine did not bear 
out expectation. It has often been said that successful 
flight waited for the successful internal combustion engine, 
but I like to remember that Maxim in the 1890's lifted 
nearly four tons into the air with a 300 h.p. steam engine. 
Success does not always have a financial connotation, 
even in aeronautics. 

The Society carried out experiments on wind pressure 
in the first wind tunnel built for that purpose, and described 
them in the 1870-71 Annual Reports. In the discussion 
on the experiments and their results (which were not very 
good) James Glaisher and Charles Brooke, both members 
of Council, drew attention to the “complication in the 
neighbourhood of the surface, which could not be theor- 
etically predicted.” 

Flapping wing models, fixed and moving wings, models 
driven by twisted rubber strands, compressed air and other 
means were discussed in these Reports by the hopeful band 
of air pilgrims. Thomas Griffiths in 1884 boldly proposed 
jet propulsion, “a light and economical motor for propul- 
sion in air,” for which he had taken out a patent earlier 
in the year. Griffiths in his lecture pointed out that for 
“aeronautical purposes the choice of available motive 
powers is confined to two, that is, steam or gas... .” He 
chose the explosion of gases. 

Two years later, in 1886, a paper by him was read 
with the title Jet Propulsion for Aeronautical Purposes. 
Griffiths was not bothered by the complications which 
have arisen in the modern jet. He had that simple mind 
of the pioneer which overcomes the impossible several 
times before breakfast. I quote from the Annual Report 
for 1886, page 73 :— 

“Put in its simplest form the plan is this: You are 
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going to work with a gas rocket, but instead of taking the 
mixture with you ready prepared, you simply take the case 
and the smallest of the ingredients required, that is, gas: 
the other is in endless abundance wherever you go. You 
bring the two together in the rocket case; apply a light; 
and it is at work at once.” 

Simple, isn’t it? Nevertheless Griffiths had got some- 
thing. 

In these Annual Reports over 250 aeronautical patents 
are listed from 1867 to 1893, including Horatio Phillips’s 
famous patents of 1884 and 1891 on curved wings; Maxim, 
who was the first man to start an aircraft design office: 
Major Moore who convinced himself, but not many others, 
that the flying fox held the secret of flight; E. P. Frost, a 
one time President of the Society, who was equally 
convinced that the bird held it, and built one with great 
metal wings; Thomas Moy who struggled for thirty years 
and impoverished himself, as did Horatio Phillips, without 
some, at least, of the success he deserved; Griffiths whose 
patent of 1890 described improvements in the Propulsion 
of Navigable Vessels, Railway and other Carriages, Aero- 
nautic Apparatus and the like; and all the rest which 
formed the wreckage of high endeavour. 

How easy it is to be wise after the event, how difficult 
to ensure success off the drawing board! 

They were young at heart these pioneers, and here is 
their story. 

When the world has emigrated en bloc to some other 
planet I hope that its librarians will take with them a set 
of these Annual Reports so that those who will read them 
may reflect that Virgil was so right when he wrote 

“ Macte nova virtute, puer, sic itur ad astra.” 

J. LAURENCE PRITCHARD. 


GENERAL RELATIVITY AND COSMOLOGY, VOL. IV. 
G. C. MceVittie. Chapman and Hall, London, 1956. 198 pp. 
4 diagrams. 42s. Od. 

This fourth volume in the International Astrophysics 
Series is, in short, an account of the nature of the universe 
based on current astronomical data. 

The first five chapters contain an account of the basic 
principles of the theory of general relativity and of its 
application to the gravitational field of the sun. Readers 
who are chiefly interested in classical gas-dynamics will 
find a description of the way in which general relativity 
can help in the solution of the problems with which they 
are concerned. The subject of cosmology is also treated, 
and the author has endeavoured to present the theoretical 
formulae, so as to be suitable for the numerical compu- 
tation of the parameters they contain, as and when more 
complete observational data become available. 

The book originated in the various courses of lectures 
on relativity delivered by the author in the Universities 
of London, Harvard and Illinois. 


The other three books in the series already published 
are:—The Aurorae by L. Harang; Comets and Meteor 
Streams by J. G. Porter, and Gaseous Nebulae by L. H. 
Aller. 


HE. 1000. Ernst Heinkel. Hutchinson, London, 1956, 287 
pp. Illustrated. 30s. 


This is a translation, in parts almost too literal, of 
*Sturmisches Leben,” the life story of Ernst Heinkel. 
The German version, published in 1953, was reviewed in 
the JOURNAL of August 1954, when it was described as 
“ fascinating to read”, in spite of some deficiencies quoted. 


Additions to the Library 


Albert, A. L. ELECTRONICS AND ELECTRON DEVICES. 
Macmillan, N.Y. 1956. 

Bergin, K. G. PROBLEMS OF HYGIENE IN AVIATION. 
Royal Society of Health. 1956. 

Bevitt, W. D. TRANSISTORS HANDBOOK. Prentice-Hall. 
1956. 

Bowman, G. War IN THE AiR. Evans Bros. 1956. 

Brabazon of Tara, Lord. THE BRABAZON Story. Heine- 
mann. 1956. 

Cheng, B. RECENT DEVELOPMENTS IN AIR Law (Pamph- 
let). Stevens & Sons. 1956. 

Curtiss, J. H. (Editor). Numericat ANALysIS. Vol. VI. 
PROCEEDINGS OF THE SIXTH SYMPOSIUM IN APPLIED 
MATHEMATICS OF THE A.S.M. McGraw-Hill. 1956. 

de Havilland Aircraft Co. Ltd. DE HAVILLAND CoMET 4. 
1956. 

D.S.I.R. EXPERIMENTAL STRESS ANALYSIS IN THE U.S.A. 
AND CANADA. H.M.S.O. 1956. 

Evans, I. O. JULES VERNE, MASTER OF SCIENCE FICTION. 
Sidgwick & Jackson. 1956. 

Friedman, B. PRINCIPLES AND TECHNIQUES OF APPLIED 
MATHEMATICS. Chapman & Hall. 1956. 

Gibbs, Air Marshal Sir G. SuRvivor’s Story. Hutchin- 
son. 1956. 

*Heflin, W. A. (Editor). THE UNITED STATES AIR FORCE 
Dictionary. Air University Press. 1956. 

Hoff, N. J. THE ANALYSIS OF STRUCTURES. Wiley. 1956. 

*Huckert, J. (Editor). A.S.M.E. ENGINEERING TABLES. 
McGraw-Hill. 1956. 

Imperial Chemical Industries. WROUGHT TITANIUM. I.C.I. 
1956. 

Johnson, J. E. (Johnnie). WinGc LeEApER. Chatto and 
Windus. 1956. 


Lanchbery, E. A. V. RoE: A BIOGRAPHY OF SiR ALLIOTT 
VERDON-ROoE. Bodley Head. 1956. 

Mallan, L. MEN, ROCKETS AND SPACE. Cassell. 1956. 

Meyer, H. A. (Editor). SymMpostuUmM ON MONTE CARLO 
MetHops. Wiley. 1956. 

Nielsen, K. J. METHODS IN NUMERICAL ANALYSIS. 
Macmillan, N.Y. 1956. 

Nonweiler, T. THE DESIGN OF WING SECTIONS (An 
Aircraft Engineering monograph).  Bunhill Publi- 
cations. 1956. 

Northrop Aircraft Inc. THE HUMAN Pitot. U.S. Dept. 
of Commerce. 1956. 

Powell, Wing Commander H. P. Test FLIGHT. Wingate. 
1956. 

Robinson, A. and Laurmann, J. A. WinG THEORY. 
1956: 

Royal Institute of Technology, Stockholm. SEMINAR ON 
WIND-TUNNEL TECHNIQUES. 1955. 

Shepherd, D. G. PRINCIPLES OF TURBOMACHINERY. 
Macmillan, N.Y. 1956. 

Spalding, D. B. PERFORMANCE CRITERIA OF GAS-TURBINE 
COMBUSTION CHAMBERS (An_ Aircraft Engineering 
monograph). Bunhill Publications. 1956. 

Thompson, Wing Commander H. L. NEW ZEALANDERS 
WITH THE RoyaL AiR Force. Volume II. Dept. of 
Internal Affairs, N.Z. 1956. 

Timoshenko, S. and Young, D. H. ENGINEERING 
MeEcHANIcS. Fourth Edition. McGraw-Hill. 1956. 

Turner, H. INTERNATIONAL INCIDENT. Wingate. 1956. 

U.S. Dept. of Commerce. FLIGHT INSTRUCTOR’S HAND- 
BooK. C.A.A. TECH. MANUAL 105. U.S.G.P.O. 1956. 

Wood, A. B. A Text Book oF SouNb. (Third revised 
edition.) Bell. 1956. 


* Items marked thus are for reference use only. 
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Reports 


AERODYNAMICS 
BOUNDARY LAYER 


Wind-tunnel observations of boundary-layer transition on a 
wing at various angles of sweepback. A. Anscombe and L. N. 
Illingworth. R,. & M. No. 2968. (1956). 
Visual observations have been made of boundary layer 
transition on a wind tunnel model of constant chord at zero 
lift over a range of sweepback angles from zero to 50°.— 
(1.0.2.5) 


COMPRESSIBLE FLOW 


Effects of kinematic viscosity and wave speed on shock wave 

attenuation. D, W. Boyer. U.T.1.A. Technical Note No. 8. 

(May 1956). 
An investigation has been made of the effects of kinematic 
viscosity and wave speed on the distance attenuation of 
shock waves. The shock speeds were obtained from 
Schlieren records of the (x, #)-plane for a range of initial 
conditions and channel length. Experiments were conducted 
in which the kinematic viscosity and the wave speed were 
varied independently.—(1.2.3.2). 


The Boltzmann H-function applied to the shock transition. 
E. L. Harris and G, N. Patterson. U.T.1.A. Report No. 40. 
(May 1956). 
Boltzmann’s H-function has been calculated for a Max- 
wellian distribution function and two non-isentropic cases. 
The variation of H through a shock front is given for Mach 
numbers from 1:50 to 4:00.—(1.2.3.2). 


Analytic determination of two-dimensional supersonic nozzle 

contours having continuous curvature. J. C. Sivells. Arnold 

Eng. Dev. Center. A.S.T.1.A, AD-88606. (July 1956). 
An analytic method is presented for determining the 
contours of two-dimensional supersonic nozzles having 
continuous curvature. The method described is more 
accurate and less time consuming than the characteristics 
method of obtaining contours. The assumption is made 
that radial flow can be obtained at the inflection point 
through the use of a simple polynomial for the initial part 
of the contour. This radial flow is converted to parallel 
flow at the test section Mach number as described here.— 


(22.321): 


A study of optimum spatial lift distributions at supersonic 
speeds. A. M. Rodriguez. Douglas Report SM-19292. 
(November 1955).—(1.2.3.1). 


Drag reduction at supersonic speeds for bodies of revolution 
within cylindrical shell wing systems. B. J. Beane. Douglas 
Report No, SM 19411. (November 1955).—(1.2.3.1). 


Examples of wave drag calculation by application of Fourier 
analysis about a streamwise axis. E, W. Graham. Douglas 
Report SM-19529. (January 1956).—(1.2.3.1). 


Quasi-cylindrical theory of wing-hody interference at super- 

sonic speeds and comparison with experiment. J. N. Nielsen. 

N.A.C.A. Report 1252. (1955). 
A theoretical method is presented for calculating the flow 
field about wing-body combinations employing bodies 
deviating only slightly in shape from a circular cylinder. 
The case of zero body angle of attack and variable wing 
incidence is considered as well as the case of zero wing 
reer and variable body angle of attack.—(1.2.3.1 x 

0.2.2), 


An analysis of buzzing in supersonic ram jets by a modified 

one-dimensional nonstationary wave theory. R. L. Trimpi. 

N.A.C.A, T.N. 3695. (July 1956). 
Experimental instantaneous pressure records of simulated 
ram-jet models without heat addition showed that they 
buzzed in a manner governed internally by quasi one- 
dimensional (plane-wave) theory. A theory applicable to 
the buzzing problem was obtained through modification of 
the one-dimensional, unsteady flow theory.—(1.2.3.1 x 27.4). 


Three-dimensional transonic flow theory applied to slender 

wings and bodies. M. A. Heaslet and J. R. Spreiter. N.A.C.A. 

T.N. 3717. (July 1956). 
Integral equations for transonic flow around slender wings 
and bodies are derived assuming shock waves are present. 
For sonic flow, Oswatitsch’s equivalence rule is extended 
to lifting cases at small angles of attack. Relationships are 
presented between the pressure distributions and integrated 
forces on slender wings and bodies having the same longi- 
tudinal distribution of cross-sectional area.—(1.2.2.1). 


FLuip DYNAMICS 


Note on the forces that act near the centre and the tips of 

swept wings. D. G. Hurley. A.R.L. Note A. 150. (February 

1956). 
A simple exact method of calculating the force that acts 
near the end of a semi-infinite yawed wing of symmetrical 
section at zero incidence is given. The result can be used 
to calculate the drag forces that act near the centres and 
the thrust forces that act near the tips of swept wings of 
large aspect ratio —(1.4.1 1.10.1.1). 


INTERNAL FLOW—see also TESTING AND INSTRUMENTS 


Effects of Reynoids number on the flow of air through a 

cascade of compressor blades. H. G. Rhoden. R. & M. No. 

2919. (1956). 
The experimental work consisted of the separate testing of 
three cascades of axial-flow compressor blades of camber 
angles 20°, 30° and 40° respectively. Measurements were 
made of the distribution of static pressure over the central 
cross section of the middle blade of each cascade, together 
with traverse of static pressure, total head and angle of 
flow at inlet and outlet to each cascade in the plane of the 
central cross section. The tests covered a range of actual 
Reynolds number from 3xX104 to 510°, based on the 
inlet air velocity and the blade chord. and also a range of 
inlet air angle x,, from 35° to 60°.—(1.5.4.2). 


STABILITY AND CONTROL 


Analysis of short-period longitudinal oscillations of an aircraft 

—Interpretation of flight tests. S. Neumark. R, & M. No. 

2940. (1956). 
A method is presented of analysing experimental curves 
obtained in flight when an aircraft is disturbed longitudinally 
by a suitable elevator input and performs mainly short- 
period oscillations. Determination of frequency damping 
factor, amplitude ratios and phase angles of various 
oscillatory curves leads to formulae for evaluating stability 
derivatives. Cases of elevator fixed or oscillating, for tailed 
and tailless aircraft, are considered and _ illustrated by 
numerical examples.—(1.8.2.1 X 13.2). 


THERMO-AERODYNAMICS—see also THERMODYNAMICS 


Turbulent-heat-transfer measurements at a Mach number of 
3-90. M. J. Brevoort. N.A.C.A. T.N. 3734. (July 1956). 
An axially symmetric annular nozzle was used to obtain 
essentially flat-plate data on turbulent heat transfer 
coefficients and temperature recovery factors. The test 
results of this paper are for a Mach number of 3-90 and for 
a Reynolds number range of 10° to 7:0 x 107.—{1.9.1). 


The effects of dissociation and ionization on compressible 
Couette flow. H.W. Liepmann and Z. O. Bleviss. Douglas 
Report SM-19831. (May 1956).—(9). 


WINGS AND AEROFOILS—see also COMPRESSIBLE FLOW 


Additional data on surface slopes of the RAE 100-104 aerofoil 

sections. E. M. Love and J. Williams. C.P. 252. (1956). 
To supplement earlier data, the surface slopes of the R.A.E. 
100, 101 and 103 sections are tabulated, and for the R.A.E. 


NOTE.—The figures in parenthesis at the end of each Summary are for office use only. 
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102 and 104 sections additional values are quoted closer to 
the leading edge. An elementary but flexible method of 
specifying the minimum number of tangent planes needed 
for aerofoil manufacture is also given.—(1.10). 


Recherches théoriques et expérimentales sur le contréle de 
circulation par soufflage appliqué aux ailes d’avions.  L. 
Malavard, et al. O.N.E.R.A. Note Technique No. 37. (1956).— 


HELICOPTER AERODYNAMICS 


Static-thrust measurements of the aerodynamic loading on a 
helicopter rotor blade. J. P. Rabbott. N.A.C.A. T.N. 3688. 
(July 1956). 
Plots of the chordwise and spanwise aerodynamic loading 
measured on a helicopter rotor blade in static thrust are 
presented. A comparison of the spanwise loading with the 
strip-analysis theoretical loading, as modified by a correction 
for the number of blades. shows fair agreement.—(1.11.1). 


TESTING AND INSTRUMENTS 


Control testing in wind tunnels. L. W. Bryant and H. C. 
Garner. R. & M. No. 2881. (1956).—(1.12.1.1). 


Compressors for high-speed wind tunnels. A. A. Fejer and 
J. Clark. AGARDograph 14. (January 1956). 
A study of compressor drive systems for continuous type 
high-speed wind tunnels includes a method to guide in 
selection of compressor type. Aerodynamic and mechanical 
considerations including vibrational problems are outlined. 
—(1.12.1 x 1.5.2). 


Papers presented at the seventh meeting of the wind tunnel and 
model testing panel. AGARD. AG19/P9. (June 1955). 
The main subjects dealt with in the thirteen papers are the 
effect of engine induced air flow both in model and full 
scale, the measurement and calculation of boundary layer 
flow, aerodynamic aioe at high speeds and_ icing 
investigations.—(1.12.1). 


AEROELASTICITY 


Models for aero-elastic investigations. H. Templeton. C.P. 

255. (1956). 
An account is given of several types of aero-elastic model 
used for flutter investigations. The various purposes for 
which they are used are outlined, and the scale relationships 
for prediction models are derived. Different types of 
model construction are described and their main applications 
are defined.—(2). 


An experimental investigation of the effects of deformation on 

the aerodynamic characteristics of a swept-back wing. J. Black. 

R. & M. No. 2938. (1956). 
A wind tunnel investigation of the effects of structural 
deformation on the pressure distributions round a tapered 
wing with 44° leading edge sweepback, has been carried 
out over a range of deformations at a Reynolds number of 
0-6x10®. technique for constructing a model and 
deforming it into any desired deformation has_ been 
developed. The Weissinger method for theoretical prediction 
of air loads was found to be reasonably satisfactory for the 
effect of deformation at low incidence.—(2). 


Some flutter tests on swept-back wings using ground-launched 

rockets. W.G. Molyneux and F. Ruddlesden. R. & M. No. 

2949. (1956). 
Results are given of tests, made up to a Mach number of 
1:4, on flutter models of untapered wings with 20°, 40° and 
60° sweepback. A comparison is made between the 
measured flutter speeds and the speeds estimated using a 
flutter speed formula. A comparison is also made between 
measured flutter speeds and those calculated using two- 
dimensional incompressible flow theory.—(2). 


AVIATION MEDICINE 


The role of visual cues in final approach to landing. J.C. Lane 
and R. W. Cumming. A.R.L. Note HE.|. (May 1956).—(9). 


HYDRODYNAMICS 


Preliminary investigation of the effects of external wing fuel 
tanks on ditching behavior of a sweptback-wing airplane. 
E. E. McBride. N.A.C.A. T.N. 3710. (July 1956). 


An experimental investigation was made by use of a 
1/10-scale dynamically similar model of a typical swept- 
back wing aeroplane equipped with external wing fuel tanks 
to determine the effects of the tanks on the ditching 
behaviour. The tanks were of two fineness ratios, three 
fuel capacities, and various cross-sectional shapes.—(17). 


MATERIALS 


Tensile properties of Inconel and RS-120 titanium-alloy sheet 
under rapid-heating and constant-temperature conditions. G. J, 
Heimerl et al. N.A.C.A. T.N. 3731. (July 1956). 


Results are presented of rapid-heating tests to determine the 
tensile strength of Inconel and RS-120 titanium-alloy sheet 
heated to failure at uniform temperature rates from 0:2° F 
to 100° F per second under constant load conditions. Yield 
and rupture stresses, obtained by rapid heating, are 
compared with yield ‘and ultimate stresses from elevated- 
temperature tensile stress-strain tests for 1/2-hour exposure. 
The applicability of master curves and temperature-rate 
parameters to the prediction of yield and rupture stresses 
and temperatures under rapid-heating conditions was 
investigated.—(21.2.2) 


METEOROLOGY 


Report of the second year’s flying on the development of flight 
testing techniques for finding and measuring natural icing 
conditions. G.C. Abel. C.P. 222. (1956).—(24). 


POWER PLANTS 


See AERODYNAMICS—COMPRESSIBLE FLOW 


PROPELLERS 


The effects of compressibility on the upwash at the propeller 
planes of a four-engine tractor airplane configuration having 
a wing with 40° of sweepback and an aspect ratio of 10. A. E. 
Lopez and J, K. Dickson. N.A.C.A. T.N. 3675. (July 1956). 


The upflow angles at the horizontal centre lines of the 
propeller planes were measured at Mach numbers up to 
0-92 on a wing-fuselage-nacelle combination and on an 
isolated nacelle. A comparison is made between the 
experimental and theoretical values of the variation of 
the upwash angle with angle of attack.—(29.1). 


SCIENCE—GENERAL 


Acoustic radiation from a stationary cylinder in a fluid steam 

(Aeolian tones). B. Etkin et al. U.T.1.A. Report No. 39. 

(May 1956). 
A theoretical and experimental investigation of Aeolian 
Tones is described. A quantitative theory is formulated for 
the intensity and directionality of the radiated sound. In 
the experiments, made in the U.T.I.A. subsonic wind tunnel, 
measurements were made of the frequency and intensity 
of the total sound spectrum. Background noise was generally 
low enough to be neglected. The experiments show qualita- 
tive agreement with the theory.—(32.2.3). 


STRUCTURES 
Loaps 


Fatigue loadings in flight: loads in the tailplane and fin of a 
Varsity. A. Burns. C.P. 256. (1956). 


Data are presented on the number of load cycles of various 
sizes occurring in the tailplane and fin of a Varsity in 
normal ground and flight conditions. The conditions 
include flight in turbulence, take-off, landing, taxying, and 
ground running of the engines. The relative importance of 
the loads in the different conditions is illustrated by 
reference to the loads in a typical flight.—(33.1.1). 
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This section of THE JOURNAL is available for advertisements of appointments in the Industry, 
the Ministries, Research Establishments, Universities and Colleges in the United Kingdom only. 


Press Day—20th of the month preceding publication. 
Rates—8/- a line. Each paragraph is charged separately and name and address 
must be counted. Semi-displayed setting £3 Os. Od. per column inch. 


Box Numbers—1/- extra. Replies should be addressed to: Box 000, care of 
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AERODYNAMICISTS 


“MAJOR AIRCRAFT COMPANY requires the services of 

a number of well qualified Aerodynamicists. An Engin- 
eering or Physics Degree (or a good H.N.C.) is necessary plus 
some years’ experience. 

The appointments are for both weekly and monthly staff with 
salaries up to £1,000 p.a. or more in the case of applicants of 
exceptional experience and ability. 

These appointments are in London and candidates living 
in the provinces are offered assistance with re-housing and 
removal expenses. In certain cases a new house will be offered 
for immediate occupation.—Box 109. 


VICKERS - ARMSTRONGS 
(AIRCRAFT) LIMITED 
WEYBRIDGE - SURREY 


wish to appoint a 
TECHNICAL LIAISON ENGINEER 
as representative on 
Viscount After-sales Service 


in India, Pakistan and Burma. 


After an introductory course at Weybridge, the 
person engaged will be resident in New Delhi. 
The duties will include maintaining a close liaison 
with the senior engineering staffs of airlines own- 
ing Viscount aircraft and with Air Headquarters, 
Pakistan. Also supervising the activities of the 
Company’s own service engineers in the area and 
keeping contact with agents in each country. 


A suitable applicant must have a good educational 
and aeronautical engineering background and be 
aged between 35 and 45 years. 


Applications, giving details of experience and 
qualifications, should be addressed to:— 


The Assistant General Manager (Service) 
Vickers-Armstrongs (Aircraft) Limited 
Weybridge Works 
Weybridge - Surrey 
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A.R.A. TRANSONIC WIND TUNNEL 


now in full operation requires:— 


PROJECT SUPERVISORS to lead teams doing 
wind tunnel testing. Degree or H.N.C. 


TUNNEL OBSERVERS for work on model tests. 


INSTRUMENTATION ENGINEERS for work 
on general instrumentation and electronic 
computor. Degree or H.N.C. 


DESIGN DRAUGHTSMEN for design of models 
and equipment. 


Good conditions of employment. Pension Scheme. 
Time allowed off for approved study. Assistance 
with housing. Apply in writing to:— 
Chief Executive 
Aircraft Research Association Ltd. 
Manton Lane -_ Bedford 


RODUCT DESIGNER DRAUGHTSMEN required by 

Charles Colston Limited to work on light domestic 
appliances at factory of their Northern Company. 5 day week. 
Pension scheme. Salary according to qualifications and 
experience. Housing available. Write in confidence to:— 
General Manager, Tallent (Aycliffe) Ltd., Aycliffe Trading 
Estate, Nr. Darlington, County Durham. 


GAS TURBINE DIVISION 


BRUSH ELECTRICAL ENGINEERING CO. LTD. 
Loughborough, Leics. 


has a vacancy for a 


DESIGN /DEVELOPMENT ENGINEER 


to work on an extremely interesting new project. 

Applicants should possess an Engineering Degree or H.N.C. 
and have served an apprenticeship, 

Those with experience of high speed turbine work on steam 
or gas turbines are particularly invited to apply. 

There are excellent opportunities and a good salary will 
be paid. 

Conditions of service include a generous non-contributory 
superannuation scheme. 

Please apply to the Chief Personnel Officer. 
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HIGH SPEED WIND TUNNEL A 
SHORT BROTHERS & HARLAND LTD 
VICKERS - ARMSTRONGS 

(AIRCRAFT) LIMITED 


Intend to appoint a TEAM LEADER tto control the 


operations in their Transonic Wind Tunnel. WEYBRIDGE - SURREY 

The successful candidate will necessarily hold an 
Honours Degree in relevant subjects and will have a have vacancies in their Flight Test Department at 
minimum of five years suitable experience, either Wisley Airfield (near Ripley, Surrey, on the main 
industrial or of a post-graduate academic nature. London-Portsmouth Road) for:— 

The post is permanent and pensionable and will carry () AERODYNAMICIST 
a four figure salary and appointment to the Monthly 
Salaried Executive Staff. (k) TECHNICAL ASSISTANT 


The Company is able to House suitably the appointed (of H.N.C. standard) 


person and to assist with the expenses of transfer. () AIRCRAFT INSTRUMENTATION 
Applications giving full details of career should be ENGINEERS | 
made to:— on modern civil and military aircraft 


Applications, quoting date of advertisement and 


Staff Appointments Officer prefix letter “ j.” “k” or “1,” to:— 


SHORT BROTHERS & HARLAND LIMITED Empl iM 
P.O. Box 241 mploymen anager 


BELFAST Vickers-Armstrongs (Aircraft) Limited 


Quoting S.A. 188 Weybridge Works 
Weybridge - Surrey 


COMET 
ordered by 


CAPITAL AIRLINES 
of AMERICA 


THE AERODYNAMICS DEPARTMENT 


offers 


Career opportunities, on various projects, in the following sections 
@ AERODYNAMIC DESIGN @ FLIGHT TEST OBSERVING 
@ AEROELASTICS & FLUTTER @ WIND TUNNELS—HIGH & LOW SPEED 
A limited number of posts exist AT ALL LEVELS | 


You are invited to write for further information, or to arrange a confidential 
interview with the Head of the Department to 


= ‘, The Personnel Manager 
THE DE HAVILLAND AIRCRAFT COMPANY LIMITED, Hatfield, Herts. 
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APPOINTMENTS 


This section of THE JOURNAL is available for advertisements of appointments in the Industry, 
the Ministries, Research Establishments, Universities and Colleges in the United Kingdom only, 


Remittances—Cheques and postal orders should be made payable to the Royal 


Press Day—20th of the month preceding publication. 
Aeronautical Society. 


Rates—8/- a line. Each paragraph is charged separately and name and address 
must be counted. Semi-displayed setting £3 Os. Od. per column inch. 


Box Numbers—1/- extra. Replies should be addressed to: Box 000, care of 


The Society reserves the right to decline any copy or advertisement at its 
discretion and accepts no responsibility for delay in publication or for 


THE JouRNAL, Royal Aeronautical Society, 4 Hamilton Place, London, W.1. 


clerical or printer’s errors, although every care is taken to avoid mistakes. 


Guided missile aerodynamics 


A. V. ROE & CO. LIMITED 
Weapons Research Division 


are forming a new Aerodynamics Group in_ their 


LONDON OFFICES AT HARROW 


to undertake research and development on new missile 
projects embracing theoretical and design aerodynamics 
and the planning and analysis of wind tunnel tests. 


The following vacancies exist 
HEAD OF THE AERODYNAMICS GROUP 


Qualifications: Honours degree in Mathematics, Physics 
or Engineering and several years relevant experience 


VICKERS - ARMSTRONGS 
(AIRCRAFT) LIMITED 


at 


WEYBRIDGE, SURREY 
and 
HURN DEPOT, nr. BOURNEMOUTH, HANTS 

have vacancies for 
DRAUGHTSMEN 

(Senior and Intermediate) 

and other 
TECHNICAL STAFF 
for work on the design and development of 

New Civil Aircraft 


including research or development work in supersonic 
aerodynamics. and 


SENIOR AERODYNAMICISTS Development of the Viscount 
Qualifications: Honours degree and at least three years 
relevant experience. Theoretical specialists are wanted 
for some of these posts. 


WIND TUNNEL MODEL DESIGNER 


to be responsible for the design of models for supersonic 
wind tunnels and for liaison with the test establishments 
on the progress and manufacture of models. 


including furnishing design, electrical and radio 
systems in addition to mechanisms, power plants, 
structures, etc. 


Previous aircraft experience is not essential. 


Applications with full details quoting Ref. No. 
WRD/A/R.146/J, to: 


Applications, quoting date of advertisement and 
prefix letter “ f” to:— 


The Chief Engineer 

A. V. ROE & CO., LIMITED, 
Weapons’ Research Division, 
Woodford Aerodrome, Cheshire. 


Employment Manager, 
Vickers-Armstrongs (Aircraft) Limited 
Weybridge Works 
Weybridge - Surrey 


Appointments continued on next page 


CHANGES OF ADDRESS 


Changes of address should be notified promptly to ensure delivery of the Journal. 
When notifying changes please give the following particulars :— 

1. Name (in block letters). 3. New address (in block letters). 

2. Grade of membership. 4. Old address. 


This information should be sent to: 


The Secretary 
THE ROYAL AERONAUTICAL SOCIETY, 4 HAMILTON PLACE, LONDON, W.1 
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Aeronautical Society, 


The Society reserves the right to decline any copy or advertisement at its 
discretion and accepts no responsibility for delay in publication or for 
clerical or printer's errors, although every care is taken to avoid mistakes. 


IMPERIAL CHEMICAL 


INDUSTRIES LTD 


General Chemicals Division 


STRESS ANALYSIS ENGINEERS 


There are immediate vacancies for Stress Analysis Engineers in the Chief 
Engineer's Department of the GENERAL CHEMICALS DIVISION. The 
successful candidates will be required to devote much time to the solution 
of a variety of interesting problems involving a knowledge of strength of 
materials and theory of machines. The work includes theoretical and 
practical stress analysis associated with complex chemical plant and equip- 
ment. Candidates for these posts should be between 25 and 40 and have 
an Honours Degree in Engineering or in Mathematics. The work provides 
good training for advancement and the successful candidates can look for- 
ward to a progressive career in the company. 


The appointments are permanent and pensionable and the starting salary is 
attractive. A profit-sharing scheme is in operation and assistance will be 
given to married men towards purchase and removal expenses. 

Applications should be made in the first instance to the:— 


Staff Manager: 
IMPERIAL CHEMICAL INDUSTRIES LTD. 


General Chemicals Division 


CUNARD BUILDING, LIVERPOOL 3 


JOURNAL BINDING 


We regret that because of increased costs all round 
in the printing and publishing trade, prices for the binding 
of Journals must be increased in 1957. 

The new charges for binding the Journal will be: — 
1956 Volume (including packing and postage) £1 2s. 6d. hesceusespiaia — Decesmnn 1956 
Previous Volumes (including pasate and Admission by Special Ticket Only 

Journals, with a note of the name ia address of the 
sender, should be sent direct to the Lewes Press, Friars 


TRANSONIC WIND TUNNEL TESTING 
TECHNIQUES 


ALL-Day SECTION LECTURE AND DISCUSSION 


To avoid disappointment and to ensure the admission 
of members wishing to attend, admission will be by 


Walk, Lewes, Sussex, and the remittance to the Secretary, 
4 Hamilton Place, London, W.1. 

Members are particularly asked to ensure that the 
address to which they want their Journals—and their 
invoice—sent is the same on their letters to the Lewes 
Press and the Society. 


special ticket only for members and non-members alike. 


Tickets will be issued upon request to the Secretary 
to members of the Society by name only until Thursday 
13th December, when any seats not taken will be made 
available to non-members in strict rotation. 
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TRADE MARKS SECTION 


AIRCRAFT MATERIALS LTD. 


STRUCTURAL MATERIALS 
and COMPONENTS 


AUTOMOTIVE PRODUCTS CO. LTD. 


ee 


raulics 


BIRMETALS LTD. 


<i Als 


BLACKBURN & GENERAL AIRCRAFT LTD. 


Blackburn 


BP. AVIATION SERVICE 


THE BRITISH REFRASIL CO. LTD 


LIGHTWEIGHT, HIGH TEMPERATURE INSULATION 


BRITISH THOMSON-HOUSTON CO. LTD. 


ELECTRICAE EQUIPMENT 


FOR AIRCRAFT 


DOWTY GROUP LTD. 


HYDRAULIC AND ELECTRICAL EQUIPMENT 


FUEL SYSTEMS FOR GAS TURBINES 
RUBBER SEALS 


BOULTON PAUL AIRCRAFT LTD. 
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ELECTRO-HYDRAULICS LTD. 


LIMITED 


LIVERPGOL ROAD, WARRINGTON 
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FIRTH-VICKtRS STAINLESS STEELS LTD 


INTEGRAL LTD. 


HYDRAULIC PUMPS 
AND EQUIPMENT 


GRAVINER MANUFACTURING CO. LTD. 


GRAVINER 


FIRE Protection EQUIPMENT 


GRAVINER MANUFACTURING CO LTD 
Coinb:ook Bucks Telephone Colnbrook 48 


HANDLEY PACE LTD. 


H M HOBSON LTD. 


Hobson 


IRVING AIR CHUTE OF GREAT BRITAIN LTD. 


KELVIN G HUGHES (AVIATION) LTD. 


(HENRY HUGHES & SON LTD. 
KELVIN, BOTTOMLEY & BAIRD LTD.) 


K.L.G. SPARKING PLUGS LTD. 


KLG 


SPARKING PLUGS AND 
IGNITION EQUIPMENT 


THE HUGHES-JOHNSON STAMPINGS LTD 


SMITHS AIRCRAFT INSTRUMENTS LTD. 


SMITHS AIRCRAFT INSTRUMENTS LTD. 


HUNTING PERCIVAL AIRCRAFT LTD. 
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LIGHT-METAL FORGINGS LTD. 


(JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


| 
| 
| 
v4 
4 
AIR 
BORNE 
NG 
Al 
fon 
aS 
P 
| 
H 
i 
a 


JOSEPH LUCAS (GAS TURBINE EQUIPMENT) LTD. 


ROYAL AERONAUTICAL SOCIETY 


DATA SHEETS 
MONOCRAPHS 


MARTIN-BAKER AIRCRAFT CO. LTD. 


SAUNDERS-ROE LTD 


SAUNDERS-ROE 


LIMITED 
Phone: COWES 2211 and at TRAFALGAR 5448 


OSBORNE - EAST COWES - ISLE OF WIGHT 


D. NAPIER G SON LTD. 


A. V. ROE -& CO. LTD. 


ROLLS-ROYCE LTD. 


AERO-ENGINES 


SHELL AVIATION SERVICE 


(Suet 


AVIATION SERVICE 


THE SPERRY GYROSCOPE CO. LTD. 


VOKES LTD. 


AMBER CROSS 
Trade Mark 
Symbol! of complete protection by Vokes Filters 


ROTAX LTD. 


ROTAX 


AIRCRAFT ELECTRICAL ENGINEERS 
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WESTLAND AIRCRAFT LTD. 


Ss WESTLAND 
The Hallmark of British Helicopters 


Westland Aircraft Limited, Yeovil, England 
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GANNE 


Fairey Gannets and their method of construction 
exemplify the independent outlook and _ prac- 
tical originality of Fairey engineering. Fairey 
developed the ‘‘twin engines in single installa- 
tion’’ layout (an Armstrong Siddeley Double 
Mamba) which contributes so much to the 
operational success of the Gannet. Fairey 
designed Envelope Tooling, the revolutionary 
system of jigging in which aircraft are con- 


structed from the skin inwards. Among the 


THE FAIREY AVIATION COMPANY LIMITED - HAYES - MIDDLESEX 


and envelope tooling 


advantages of Envelope Tooling are complete 
interchangeability and greatly reduced time-lag 
between prototype and production aircraft. 


ENGLAND - AUSTRALIA - CANABA 
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Pressurised 


Airerait use 


Normalair 
Equipment 


As do many 
Machines of 
Foreign 
Design 
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